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ABSTRACT
As the most developed renewable energy source, wind energy attracts the most research
attentions. Wind energy is easily captured far away from the places where wind energy is
used. Because of this unique characteristic of the wind, the generation and delivery systems
of the wind energy need to be well controlled. The objective of this dissertation work is
modeling and control of wind generation and its High Voltage Direct-Current (HVDC)
delivery system.
First of all, modeling of the Doubly-fed Induction Generator (DFIG)-based wind farm is
presented including dynamic models of the wind turbine, shaft system and DFIG. Detailed
models of the rectiﬁer and inverter of HVDC are given as well. Furthermore, a control
scheme for rotor-side converter (RSC) and grid-side converter (GSC) is studied. A control
method for the HVDC delivery system is also presented.
Secondly, wind farms are prone to faults due to the remote locations. Unbalanced
fault is the most frequent. Therefore, fault-ride through (FRT) of an ac connected DFIG-
based wind farm is discussed in this dissertation. Dynamic responses of the wind farm
under unbalanced grid conditions are analyzed including rotor current harmonics, torque
pulsation and dc-link voltage ripples. Coordinated control strategy is proposed for DFIG
under unbalanced fault.
Thirdly, when a wind farm is connected to remote ac grids through HVDC, active
power balance between DFIG-based wind farm and HVDC delivery needs to be obtained.
In other words, the power delivered through HVDC should balance the varying wind power
extracted from the wind farm. Therefore, control methods of DFIG and HVDC are modi-
ﬁed. A coordinated control scheme is proposed to keep the power balance. The transmitted
power through HVDC is regulated by adjusting the ﬁring angle of the converter under dif-
x
ferent wind speeds. Both average and detailed models of the wind farm and HVDC delivery
are built in Matlab/Simulink and Matlab/SimPowerSystems. Case studies validate the ef-
fectiveness of the proposed control method.
Fourthly, the fast power routing capability of line-commutated converter (LCC)-HVDC
is investigated when the wind energy is delivered through LCC-HVDC transmission. Such
capability is most desired in future grids with high penetration of wind energy. The pro-
posed technology replaces the traditional LCC-HVDC rectiﬁer power order control by an
ac voltage order control. This technology enables the HVDC rectiﬁer ac bus to act as
an inﬁnite bus and absorb ﬂuctuating wind power. A study system consisting of an ac
system, an LCC-HVDC, and a doubly-fed induction generator (DFIG) based wind farm is
built in Matlab/SimPowersystems. Simulation experiments are carried out to demonstrate
the proposed HVDC rectiﬁer control in routing ﬂuctuating wind power and load change.
Parameters of the proposed voltage order control are also investigated to show their impact
on HVDC power routing and ac fault recovery.
Finally, for the wind farm with LCC-HVDC delivery, reactive power needs to be pro-
vided for the HVDC. Hence, reactive power capability of the DFIG is discussed because
DFIG is capable of providing reactive power to the LCC-HVDC. Since the reactive power
is directly related to the voltage, the upper and lower limits of the rectiﬁer ac bus voltage
are investigated. Case studies are carried out in Matlab/Simulink to verify the system
dynamics when the ac bus voltage is within and out of the limits.
xi
CHAPTER 1
INTRODUCTION
1.1 Background
To date, the most electrical power is generated from fossil fuel. This causes adverse
environmental eﬀects: global warming due to CO2 emission. The environmental issues and
possible energy crisis contribute to the interest in clean and renewable energy resources
such as solar, wind, tidal, etc. Among the various renewable energy resources, wind energy
is the most attractive. By 2012, up to 12% of world’s electricity will be supplied by wind
power [3]. In the United States, 40,180 MW of wind power had been installed across
the country by December 31, 2010 [4]. The newest “20% Wind Energy by 2030” report,
published by the U.S. Department of Energy in 2008, analyzes the feasibility of generating
20% of the nation’s electricity from wind power by 2030 [5].
With the high penetration of wind energy in power systems, suitable sites need to
be found for wind generation plants. Studies [6, 7] show that oﬀshore sites have higher
and more stable potential wind capabilities compared with onshore ones. Furthermore,
complaints from residents due to the aesthetics disruption and noise pollution are also
factors that develop the oﬀshore wind farms. Currently, the largest operational oﬀshore
wind farm in the world is Thanet in the United Kingdom, with capability of 300MW
[8]. As for the United States, a report “A National Oﬀshore Wind Strategy: Creating an
Oﬀshore Wind Energy Industry in the United States” was unveiled by the U.S Department
of Energy on February 7, 2011. This plan will accelerate the development of oﬀshore wind
farm projects in the United States.
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The current state-of-the-art wind generation technology is doubly-fed induction genera-
tor (DFIG). A DFIG is an induction machine, with both the stator and the rotor connected
to electrical sources. The stator of a DFIG is directly connected to the grid, while the rotor
is connected to the grid through back-to-back voltage source converters: rotor-side con-
verter (RSC) and grid-side converter (GSC). The two converters are coupled with a dc-link
capacitor. Compared with other wind turbine generator conﬁguration, a DFIG-based wind
farm oﬀers noticeable advantages: it can achieve variable speed and constant frequency [9].
Wind farms are required to ride through abnormal grid voltage conditions [10]. Due to
its asymmetric conﬁguration, DFIGs suﬀer adverse impact due to grid unbalance [11, 12].
Unbalanced faults will cause unbalanced current, and torque pulsations [11]. Consequently,
oscillations of the stator power will be produced. Moreover, ripples of the dc-link voltage
will result in the power oscillations of the power of both RSC and GSC, which causes
damage to the dc capacitor between RSC and GSC.
For DFIG-based large oﬀshore wind farms, one key challenge is the transmission of
bulk power over long distances. Two alternative transmission methods are available for
connecting oﬀshore wind farms to the grid: high-voltage alternating current (HVAC) and
high-voltage direct current (HVDC) [13, 14]. Detailed comparison of ac and dc transmission
is discussed in [15] considering the transmission costs, technical issues, and reliability.
Compared with traditional HVAC, HVDC oﬀers many advantages as follows [13, 16, 15].
1. Power ﬂow is fully deﬁned and controlled.
2. The frequencies of the ac systems at the sending and receiving ends are independent.
3. Cable power losses are lower.
4. Costs are lower for long distance bulk power transmission.
In the application of wind energy transmission, the main disadvantage of HVAC is that the
load loss increases signiﬁcantly with increasing wind farm capability and the distance to
load. Generally, HVAC is suitable for medium wind farms with transmission distance less
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than 100-150 km [13]. Alternatively, HVDC connection is more preferable for large wind
farms with longer transmission lines.
There are two types of HVDC connection methods: voltage source converter (VSC)-
HVDC using IGBTs and line-commutated converter (LCC)-HVDC using thyristors. Ref-
erences [17, 18] addressed research in VSC-HVDC. VSC-HVDC is self-commutating, and
it does not require an external voltage source. Reactive power can be independently con-
trolled at each ac network, but its power rating is limited within 500MW. Furthermore,
the main drawback of VSC-HVDC is the higher losses due to fast switching operations.
On the other hand, LCC-HVDC can handle higher power capability compared with VSC-
HVDC, and the power losses are lower. However, LCC-HVDC needs a strong grid to ensure
normal commutation process. Reactive power absorption is another key issue because the
current always lags behind the voltage due to delayed ﬁring angle. Both LCC-HVDC and
VSC-HVDC are studied in [13]. For wind farms with bulk power and long transmission
distance, LCC-HVDC is preferable. Hence, this dissertation investigates the issues related
with LCC-HVDC.
1.2 Problem Identification
This dissertation focuses on the control of wind generation and its HVDC delivery
system. The following challenges are studied.
First, wind farms are often located in remote areas. Rural grids are weak and unstable,
and prone to faults. National grid codes impose requirements on wind farms for fault-ride
through (FRT) capability in order to prevent their disconnection during network faults. In
practice, most faults in power system are unbalanced faults. Hence, control of wind farm
under unbalanced grid conditions is studied in this dissertation.
Second, for wind energy with HVDC delivery system, active power balance is the key
factor to ensure the normal operation of the system. In other words, the active power gen-
erated by the wind farm should balance the power taken by LCC-HVDC, local loads and
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losses. As the wind speed is ever-changing, the generated electrical power from DFIGs also
ﬂuctuates. The corresponding dc power output from the rectiﬁer should follow the change
of the electrical power from wind generation to achieve power balance. Any imbalance will
cause stress on the wind turbine. Then large ﬂuctuations will be observed in the rotor
speed and electromagnetic torque. Therefore, active power balance needs to be studied in
the DFIG-based wind generation system with LCC-HVDC connection. Normally, power
order control is adopted in the rectiﬁer of LCC-HVDC. However, the power order is always
changing due to the ﬂuctuating wind speeds. There will be some delay in the communi-
cation links which send the remote power order signal. On the other hand, LCC-HVDC
is fast in power routing. Therefore, the traditional power order control is not suitable
here. The ac bus voltage order is selected to achieve the fast power routing capability of
LCC-HVDC.
Third, a main drawback of the LCC-HVDC is reactive power consumption. For wind
farms with LCC-HVDC delivery systems, reactive power must be provided for the HVDC
converters to ensure normal operation since the voltage always lags behind the current.
Usually, synchronous static compensator (STATCOM) is placed on the point of common
coupling (PCC) to provide the reactive power demand of the LCC-HVDC. For variable
speed DFIG-based wind farm with back-to-back pulse width modulation (PWM) convert-
ers, both the stator and the GSC have the capability of providing reactive power. Hence, a
STATCOM may not be necessary. However, when the wind speed increases, the capability
to provide reactive power by a DFIG-based wind farm decreases. Meanwhile, there is an
increase in reactive power loss in the transformer and ac lines. As a consequence, the
reactive power transmitted to the LCC-HVDC could be reduced. Hence, coordination of
the DFIG wind farm terminal voltage and HVDC rectiﬁer voltage is necessary to make
sure the required reactive power is supplied to the HVDC converters.
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1.3 Tasks
The main tasks carried out in this dissertation are as follows:
Task 1 presents the modeling of DFIG-based wind farm and its HVDC delivery system.
As for the wind farm, aerodynamic modeling of the wind turbine, dynamic modeling of
the DFIG are presented. For the HVDC, detailed model of the converter and ac ﬁlters are
given. Existing control schemes for RSC and GSC are discussed. Detailed PI controller
design procedure is presented. Control parts of the HVDC are also described.
Task 2 studies the FRT of direct connected DFIG-based wind farm. Dynamics of the
DFIG are analyzed under unbalanced grid conditions. A novel control technique is proposed
for both RSC and GSC. Through simulation studies in Matlab/Simlink, the proposed
control method shows higher performance compared with the existing dual-sequence control
scheme.
Task 3 studies the active power balance between the wind farm and its HVDC delivery.
Since the harvested wind power is always changing due to the varying wind speed, the
delivered power through HVDC should be able to track the wind power to keep power
balance. Coordinated control strategy of the wind farm and HVDC delivery is proposed
for the rectiﬁer of the HVDC. The ﬁring angle of the thyristor is adjusted to change the
power extracted from the wind farm, while the frequency and bus voltage is kept constant.
Task 4 investigates the fast power routing capability of HVDC. LCC-HVDC is the power
electronic device-based technology which is widely used in wind power transmission. It can
route the power order from the wind farm very fast. The well-known power order control
could be an obstacle in the power routing of HVDC, because of the delay in process of
the power order computation and sending. Therefore, the ac bus voltage order is proposed
to achieve the fast power routing capability of LCC-HVDC. The system dynamics are
studied under wind speed change and the load change. Furthermore, the ac fault recovery
capability of the system is also investigated with the proposed control strategy.
Task 5 analyzes the reactive power coordination of DFIG-based wind farm with LCC-
HVDC delivery. Reactive power absorption is a key issue in the wind farm system with
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LCC-HVDC delivery, since the voltage of each phasor lags behind the current. Besides
the traditional ac ﬁlters, DFIG could also provide reactive power to HVDC. Hence, the
active/reactive power limits of DFIG should be identiﬁed. In addition, the limiting range
of the bus voltage is also investigated to ensure normal operation of the system under
diﬀerent wind speeds.
1.4 Approach
Both average and detailed models of the wind farm with its HVDC delivery are stud-
ied in this dissertation. Matlab/Simlink and Matlab/SimPowerSystems are adopted for
average and detailed models respectively.
Here, Simulink is an environment for time-domain simulation of dynamic systems. The
blocks in the library oﬀer advantages for control design. However, the dynamic models
are average models based on math equations. All the variables are dc components as all
the ac variables in abc reference frame are transferred into qd reference frame. There-
fore, the high frequency components are ignored. For the DFIG-based wind farm with
HVDC delivery, power electronic devices are the key components. Details of the converters
cannot be presented in Simulink. Hence, Matlab/SimPowerSystems is also used. Mat-
lab/SimPowerSystems is a toolbox developed by MathWorks especially for modeling and
simulating electrical power systems. It provides most of the electrical components com-
monly used in power systems, such as machines, electrical sources, power electronics, etc.
In the distributed resource library, there are blocks for wind generation, which is a good
resource for this research. Detailed models of DFIG-based wind farm with HVDC deliv-
ery are more easily built in Matlab/SimPowerSystems. All the necessary components are
addressed in the model, including transformers, ac ﬁlters, pulse generators. Furthermore,
the dynamic responses of the detailed converters model are all captured. That is why
Matlab/SimPowerSystems is adopted in this research work.
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1.5 Outline of the Dissertation
The structure of the dissertation is organized as follows:
Chapter 1 gives a brief introduction of the studied issues including background infor-
mation, problem identiﬁcation, tasks, and approach adopted in this dissertation.
Chapter 2 presents a detailed literature survey on wind generators and their delivery
systems. The development of wind turbines is reviewed, especially, DFIG-base wind tur-
bine is described. Due to the rural location of wind farms, the FRT of an ac connected
DFIG-based wind farm is also addressed. On the other hand, for the delivery system, the
conﬁgurations of both VSC-HVDC and LCC-HVDC are presented. Also their advantages
and disadvantages are compared in detail. Moreover, two key issues, active power balance
and reactive power coordination, are investigated in the delivery system.
Chapter 3 studies the modeling of wind generator system and LCC-HVDC delivery
including the the aerodynamic modeling of wind turbine, dynamic modeling of the DFIG,
modeling of the converters and the ac ﬁlters in HVDC.
Chapter 4 discusses the control of wind generator system and LCC-HVDC delivery.
Vector control is adopted in the DFIG control. For both the RSC and GSC, PI controllers
are used for the outer and inner control loops. Hence, typical parameter design procedure
of the PI controller is also given. Furthermore, control of the converters of HVDC is
described.
Chapter 5 presents the FRT of DFIG-based wind farm under unbalanced grid condi-
tions. When there is unbalanced fault on the grid, the root cause of the high frequency har-
monics in rotor currents, the electromagnetic torque and the dc-link voltage are discussed.
A simple control technique for limiting the harmonics of the dc-link voltage and the elec-
tromagnetic torque is proposed. Simulation results for a 2MW DFIG in Matlab/Simulink
conﬁrms the eﬀectiveness of the proposed control technique.
Chapter 6 studies the active power balance between DFIG-based wind farm and its
delivery system. Due to ever-changing characteristics of the wind, the captured wind
power through the wind turbine always varies. The delivered power through HVDC should
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balance the ac power to obtain normal operation of the system. A coordination control
scheme is proposed for the rectiﬁer to adjust the ﬁring angle at diﬀerent wind speeds.
Case studies in Matlab/Simlink and Matlab/SimPowerSystems are also given to show the
eﬀectiveness of the proposed control method.
Chapter 7 investigates the fast power routing capability of HVDC in wind energy trans-
mission. Due to the intermittent characteristics of wind, the traditional power order control
of the rectiﬁer is not suitable. Voltage control is proposed for the rectiﬁer, therefore the
HVDC rectiﬁer ac bus acts as an inﬁnite bus. Simulation studies are carried out in Mat-
lab/SimPowersystems to demonstrate the proposed control in routing ﬂuctuating wind
power and load change.
Chapter 8 presents the reactive power coordination between a DFIG-based wind farm
and LCC-HVDC. To obtain reactive power coordination, ﬁrst the DFIG should work within
its operating limit while supplying reactive power for LCC-HVDC, a lower limit of the ac
bus voltage is identiﬁed. In addition, as wind speed increases and in order to ensure reactive
power provision from DFIG to LCC-HVDC, the ac bus voltage also has an upper limit.
Case studies of an aggregated 200MW wind farm with LCC-HVDC connection is tested in
Matlab/Simulink. Simulation results under diﬀerent ac bus voltages verify the analysis.
Chapter 9 summarizes the main conclusions of this dissertation and provides some
suggestions for the future work.
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CHAPTER 2
LITERATURE SURVEY OF WIND GENERATORS AND DELIVERY
SYSTEMS
2.1 Wind Energy Systems
Wind has become a prominent renewable energy supplier. The development of wind
turbines is one of the key drivers. The dominate wind turbines are classiﬁed according to
their ability of speed control as: ﬁxed-speed wind turbine or variable speed wind turbine.
Wind turbines are built based on the “Danish concept” [9]: a ﬁxed-speed wind turbine
using squirrel-cage induction machine (SCIG) is directly connected to a three-phase power
grid as shown in Fig. 2.1. The capacitor bank provides reactive power for the SCIG. The
soft-starter is used for smoother grid connection. However, ﬁxed-speed wind turbines have
many disadvantages: ﬁrst, the varying wind speed will cause ﬂuctuations in mechanical
power which is converted to ﬂuctuating electrical power. Hence, sturdy mechanical design
is required in case of wind gusts. Second, the reactive power cannot be controlled [19].
Figure 2.1. Fixed-speed wind generator topology.
There are three types of variable speed wind turbines conﬁgurations: limited variable
speed using wound rotor induction generators as shown in Fig. 2.2, variable wind speed
wind turbine using doubly-fed induction generators as shown in Fig. 2.3 and variable speed
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wind turbine based on permanent magnet synchronous generators (PMSG) as shown in
Fig. 2.4. The ﬁrst type of conﬁguration achieves limited variable speed control through
the additional rotor resistance; the rotor resistance can be changed to control the slip and
in turn the output power. DFIG-based conﬁguration is widely used in current wind turbine
systems. The back-to-back converters with partial rating are connected to the rotor circuit
and the grid. Both active and reactive power could be controlled through the converters.
Details of a DFIG will be introduced in Chapter 3. In the third type, PMSG is connected
to a full-scale converter then to the grid. A gearbox may not be necessary in this kind of
conﬁguration. Instead, a direct driven generator with a larger diameter is used [20].
Figure 2.2. Limited variable speed wind turbine topology.
Figure 2.3. DFIG-based wind generator topology.
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Figure 2.4. Variable wind generator topology with a full scale converter.
2.1.1 Doubly-Fed Induction Generator
Currently, DFIG-based wind generation as shown in Fig. 2.3 is the state-of-the-art wind
generator technology [21, 22]. The stator windings of a DFIG are connected directly to the
grid while the rotor windings are connected to back-to-back converters with 25%-30% of the
generator rating. The stator provides active power to the grid. The power ﬂow direction
in the rotor depends on the operation condition. In sub-synchronous operation, the power
is fed into the rotor; in super-synchronous operation, the power ﬂows out of the rotor and
fed to the grid through the converters. DFIGs oﬀer many advantages [9, 23, 24] including
variable speed operation, decoupled active power/reactive power control, maximum wind
power capture, etc. Studies in [25, 26] focus on modeling of DFIG-based wind turbines and
their impacts on the power systems. In [25], the power converters are modeled as controlled
voltage sources to regulate the rotor currents. The model performance is veriﬁed in power
system simulation tool PSS/E. [26] derives a dynamic model of a DFIG, which is suitable
for transient stability study. Vector control is usually adopted for the converter control of
DFIG. The active and reactive power could be controlled independently through the RSC.
While the GSC keeps the dc-link voltage and supplies reactive power to the grid to keep
the terminal voltage in desired range [21, 22, 27, 28].
2.1.2 Fault-Ride Through of an AC-Connected DFIG-Based Wind Farm
For wind farms in remote rural areas, the grid voltage is vulnerable to disturbances.
Among the power system disturbances, asymmetric faults are more frequent than sym-
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metric faults. To obtain continuous operation of the wind generation system, fault-ride
through (FRT) capability needs to be studied during unbalanced grid voltage. Unbalanced
grid conditions in DFIGs give rise to high frequency components in rotor currents and
torque, which can cause excessive shaft stress and winding losses [29]. Existing control
techniques in literature designed to minimize the torque pulsations include (i) RSC com-
pensation by supplying negative sequence voltages to the rotor circuits [30, 31] to suppress
the negative sequence components in the rotor currents and ripples in the electromagnetic
torque, (ii) GSC compensation by compensating negative sequence currents to the grid [32]
to keep the stator currents free of negative sequence components and thus eliminate the
negative sequence components in the rotor currents.
Dual control schemes for both the RSC and GSC are proposed in [33, 10, 34, 12] to
suppress the dc-link voltage ripples, pulsations in the rotor currents and electromagnetic
torque. Negative sequence compensation has been adopted in the above mentioned ref-
erences. Negative sequence compensation can be realized through current control loops
[32, 35, 33, 10, 12] or through direct power control [36, 37]. The cascaded control structure
with inner fast current control and outer slower power/voltage control is widely used in
converter control and is also used in the commercial DFIG technology [38]. Hence, this
control structure is widely adopted in the existing research.
2.2 Wind Energy Delivery Systems
2.2.1 Comparison of AC and DC Delivery
Electrical power could be transmitted through both ac and dc. DC is especially used
for very long distance bulk power transmission. For wind energy transmission, dc is more
attractive because of the following advantages compared with ac transmission [39]:
1. Lower losses
The ac resistance of a conductor is higher than dc resistance because of skin eﬀect.
Furthermore, there is reactive power consumption in ac transmission system. There-
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fore, to transmit the same amount of real power, the power loss in ac lines is much
higher than in dc lines.
2. Lower cost
Typical investment costs for an overhead line transmission with ac and dc is shown
in Fig. 2.5 [1]. From Fig. 2.5, there is a break-even-distance at about 600-800 km
[1]. For transmission lines above this value, ac cost is less than dc because of the
high investment in terminal stations of dc. However, for transmission lines with a
length above this level, the cost of dc will be less than ac. For undersea cables, the
break-even-distance is much smaller, at about 50km [1]. For oﬀshore wind farms
using undersea cables, dc is a wise choice over ac.
Figure 2.5. Typical investment cost for an ac line and a dc line [1].
3. Better grid connection
Diﬀerent areas of the world have diﬀerent network frequencies. For example, Japan
has both 50 Hz and 60 Hz networks. In North America, the power grid is divided
into three unsynchronized parts. In such case, HVDC is suitable for connecting
unsynchronized ac networks.
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2.2.2 HVDC Technology
With the development of the wind energy industry, the majority of wind farms are
built in rural areas around the world, requiring long transmission lines to the grid. HVDC
delivery has been veriﬁed to be more attractive than ac transmission [40, 39] in the connec-
tion of oﬀshore wind farms. As introduced in Chapter 1, there are two HVDC connection
types: VSC-HVDC using IGBTs, and LCC-HVDC using thyristors.
2.2.2.1 VSC-HVDC
The conﬁguration of a VSC-HVDC consists of two VSC units and a dc-link as shown
in Fig. 2.6. The dc capacitors at both ends of the dc line maintain a stable voltage at
the converter ends. The current main three topologies for VSC transmission are two-level
topology, multilevel diode-clamped topology, and multilevel ﬂoating-capacitor topology.
They are compared in terms of cost, dc capacitor size and commutation inductance in
[41]. An overview of VSC-HVDC is also presented in [42]. VSC-HVDC technology remains
competitive in wind energy delivery due to its valuable advantages such as independent
control of active and reactive power, no external voltage source for commutation, and fast
dynamic response. When VSC-HVDC is used for DFIG-based wind farms, the wind farm
side VSC collects the wind energy from the wind farm, while the grid side VSC transmits
the collected energy to onshore grid. As an indication of power balance, the dc-voltage is
kept constant through wind farm side VSC control [17]. VSCs are able to operate with
weak ac grids through independent control of active and reactive power [40]. VSC-HVDC
is more feasible for weak ac systems with short circuit ratio (SCR) less than 2.5 since
commutation voltage is not needed. Hence, VSC-HVDC is suitable for connecting wind
farms to weak ac grids [43]. Interconnection of two weak ac systems through VSC-HVDC
is discussed in [44], where a novel power synchronization control is proposed.
The power rating of VSC-HVDC is restricted to about 500MW [13] due to the limit
of IGBTs. For large wind energy delivery, VSC-HVDC is less competitive compared with
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Figure 2.6. Conﬁguration of a DFIG-based wind farm with VSC-HVDC delivery.
LCC-HVDC. On the other hand, the power loss of VSC-HVDC is higher due to the higher
frequency switching used for PWM.
2.2.2.2 LCC-HVDC
A single-line schematic diagram of LCC-HVDC for wind farm transmission is illustrated
in Fig. 2.7. It includes two valve groups, three-phase two-winding converter transformers,
dc cables and ac ﬁlters at each end.
For LCC-HVDC, the line-commutated converters cause characteristic harmonic volt-
ages and currents. Hence, ac ﬁlters are required at the two ends. The orders of these
harmonics depends on the pulse number of the converter conﬁguration. For p-pulse con-
verter, the generated voltage/current harmonics orders will be pk±1, where k is an integer.
For 12-pulse converter, the ac ﬁlters are designed typically for 11th and 13th harmonics.
Usually, besides the single tuned ﬁlters, a high-pass ﬁlter branch is also included in the
ac ﬁlters, and extra shunt capacitors are also needed to provide reactive power. Details of
ac ﬁlter design for HVDC systems are introduced in [45]. [46] gives the parameters algo-
rithm of ac ﬁlters in HVDC transmission systems. C-type ﬁlter is speciﬁcally presented in
[47, 48].
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Due to the ﬁring angle and commutation angle of thyristors, the converter voltage
in each phase always lags behind its current, hence reactive power supply needs to be
guaranteed. Besides ac ﬁlters, static synchronous compensator (STATCOM) is another
provider of reactive power. When LCC-HVDC is used to deliver wind energy from DFIG-
based wind generation, reactive power compensation could also be provided by DFIG
through ﬂexible reactive power control of DFIG.
Despite the above mentioned drawbacks, LCC-HVDC is still the preferred option for
bulk-power and long-distance dc transmission. First of all, the capability of LCC-HVDC
is larger than VSC-HVDC. Secondly, the power loss is lower for long-distance delivery
compared with VSC-HVDC.
Extensive literature has been published in research on LCC-HVDC applications in wind
energy system. For DFIG-based wind generation systems with LCC-HVDC transmission,
coordinated control of HVDC-link and DFIG has been proposed in [49]. Stator ﬂux refer-
ence value is provided for DFIG control, and the ﬁring angle of the rectiﬁer at the sending
end of HVDC-link is used to regulate the frequency of the local ac system.
Figure 2.7. Conﬁguration of a DFIG-based wind farm with LCC-HVDC delivery.
In [16, 14], LCC-HVDC system without STATCOM is studied for DFIG-based wind
farm system connection. Grid frequency control is used to regulate the HVDC rectiﬁer
ﬁring angle/dc-link current, and hence to control the power ﬂow in the system. Tradi-
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tionally, LCC-HVDC needs commutation voltage supplied by synchronous compensators.
STATCOM is widely used to provide the commutation voltage instead of synchronous
compensators because of its lower cost. STATCOM issues in oﬀshore wind farm with
LCC-HVDC connection are discussed in [50] in details. With STATCOM, the oﬀshore
could be controlled as an inﬁnite source to obtain higher system dynamics. Recently, hy-
brid HVDC system was proposed by [51]. The hybrid system consists of a thyristor-based
rectiﬁer, and a STATCOM with PWM inverter.
2.3 Active Power Balance between Wind Farm and HVDC Delivery System
When a wind farm is connected to a grid through LCC-HVDC, the generated electrical
power from the wind farm must balance the active power taken by LCC-HVDC and the
dissipation. Any imbalance will cause voltage/frequency variations of the local ac grid[49].
The transmitted power of the HVDC should be able to track the varying power due to
diﬀerent wind speeds. Frequency control is proposed in [49] to adjust the ﬁring angle of
the rectiﬁer of HVDC transmission without STATCOM. If the wind speed increases, the
decreased ﬁring angle will cause the dc current to increase. Thus more power is delivered
through HVDC to keep the power balance.
For the LCC-HVDC transmission system with STATCOM converter, any power imbal-
ance will accumulate on the dc capacitor of the STATCOM, causing the dc-link voltage to
ﬂuctuate [50]. Hence, the dc voltage of STATOM could be considered as the indication of
power imbalance, which is used to change the dc current order of HVDC converter [13].
Once the dc voltage of STATCOM is kept constant, power balance could be achieved.
2.4 Reactive Power Coordination of Wind Farm with LCC-HVDC Delivery
Newly-established grid codes require wind turbines to have reactive power capabil-
ity to support grid voltage [52]. On the other hand, as mentioned in the above section,
LCC-HVDC needs reactive power because the voltage lags the current in each phase. The
general reactive power source for LCC-HVDC is a capacitor bank and STATCOM. When
17
a DFIG-based wind farm is connected to LCC-HVDC, the stator of DFIG could also pro-
vide reactive power to LCC-HVDC, since DFIG can achieve independent active/reactive
power control through rotor excitation current. Furthermore, the GSC could also produce
reactive power under weak grid conditions. Hence, the reactive power capability of DFIG
needs to be investigated considering the DFIG-based wind farm with LCC-HVDC connec-
tion. If the reactive power supply from DFIG and shunt capacitor satisfy the LCC-HVDC
requirements, STATCOM may not be necessary, thus the cost could be greatly reduced.
The reactive power capability of the wind turbine depends on grid connection type.
For DFIG-based wind turbine, the total power fed into the grid is supplied from the stator
and GSC. [52, 53, 54] have done some research on the reactive power capability of DFIG.
Considering the stator current, rotor current and rotor voltage limits, the actual active and
reactive power capability limits could be obtained. [53] concludes that the main factor in
limiting the reactive power production is the rotor current; Additional limiting factors such
as system losses, speed variation, and ﬁlter are considered in [54] to get a more accurate
reactive power capability. For the oﬀshore wind farm with HVDC connection[55], the total
DFIG-based wind turbine capability limits are obtained considering stator current limit,
rotor current limit and steady-state stability limit. Taking into account the total capability
limits and steady-state stability limits, the maximum reactive power limit depends on
rectiﬁer voltage and the generated active power while the minimum reactive power lies on
the rectiﬁer voltage.
2.5 Other Related Study on Wind Farm with HVDC Delivery
Small signal analysis is a useful method for power system analysis, it provides valuable
information about the dynamic characteristics for controller design [2]. Some work based
on small signal analysis has been done in wind farms with HVDC systems. Dynamic
analysis of the rectiﬁer subsystem is presented in [51]. Through the eigenvalue analysis
method, the ac current dynamic of the rectiﬁer is investigated and double loop control
scheme is designed. [56] also applies small signal analysis to an oﬀshore wind farm with
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line-commutated HVDC link. Eigenvalue analysis is performed to design a PID rectiﬁer-
current regulator, which is also veriﬁed in improving damping of the oﬀshore wind farm.
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CHAPTER 3
MODELING OF WIND GENERATION SYSTEM AND LCC-HVDC
DELIVERY
This chapter gives the modeling details of the wind energy generation system with
LCC-HVDC delivery. The topology of the studied system is shown in Fig. 3.1. Modeling
of each part will be introduced in subsequent sections of this chapter.
Figure 3.1. System topology.
3.1 DFIG-Based Wind Turbine
3.1.1 Aerodynamic Modeling of Wind Turbine
The wind turbine is an important mechanical device in the wind power generation
system. The total wind power swept by the rotor blade of the wind turbine can be expressed
as:
Pwind =
ρ
2
πR2V 3ω (3.1)
where ρ is the air density, R is the rotor radius of wind turbine, and Vω is wind speed.
The mechanical power of the wind turbine is only part of the total wind power, since it
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is impossible to exact all the kinetic energy of the wind. This refers to a term: power
coeﬃcient deﬁned as Cp. Hence, the mechanical power is given by:
Pm = CpPwind (3.2)
The power coeﬃcient Cp is a nonlinear function of the blade pitch angle θ, and the tip
speed ratio λ as:
Cp = (0.44 − 0.0167θ)sin( π(λ− 3)
15 − 0.3θ )− 0.00184(λ − 3)θ (3.3)
where the tip speed ratio λ is:
λ =
ωmR
Vω
(3.4)
where ωm is the mechanical angular velocity. For the old simple wind turbine, the blade
pitch angle is constant. With a ﬁxed pitch angle θ, the relationship between power coef-
ﬁcient Cp and tip speed ratio λ is similar as the curve shown in Fig. 3.2. At the optimal
point λopt, maximum power coeﬃcient Cp is achieved. Assuming a constant wind speed Vω,
the tip speed ratio λ is proportional to mechanical angular velocity ωm. Thus, the curves
of Cp against ωm are in the similar shape as shown in Fig. 3.2 under diﬀerent wind speeds
but their optimal operation points are diﬀerent. In the case of variable-speed wind turbine,
the maximum power coeﬃcient Cp is achieved through adjusting the rotational speed of
the wind turbine. Thereby, the maximum output mechanical power point is reached.
When the wind speed is above rated speed, which means the wind power exceeds
the generator rating, pitch angle control is considered a common way to regulate the
aerodynamic torque. In such condition, the mechanical power is reduced to the rating (1
pu) through adjusting the pitch angle. When the wind speed is less than the rated speed,
the pitch angle is adjusted to the minimum value to get the maximum mechanical power.
In both cases, the pitch angle controller senses the speed change to regulate the output
power. A typical structure of pitch angle controller is shown in Fig. 3.3. The pitch angle
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Figure 3.2. Power coeﬃcient curve.
is determined by the input variables: rotor speed, generator power. The actual rotor speed
is compared with its reference value, and the error is sent to the PI controller to get the
reference value of the pitch angle. On the other hand, the error of the generator power
signal is also input into the PI controller to generate the reference pitch angle.
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Figure 3.3. Wind turbine pitch angle controller.
The two-mass shaft model is proved suﬃcient for the stability analysis of DFIG-based
wind generation in [57]. The schematic representation of a two-mass shaft is depicted in
Fig. 3.4. The two-mass shaft model is described by the following equations:
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dωt
dt
= −Dt +Dtg
2Ht
ωt +
Dtg
2Ht
ωr − 1
2Ht
Ttg +
Tm
2Ht
(3.5)
dωr
dt
=
Dtg
2Hg
ωt − Dt +Dtg
2Hg
ωr +
1
2Hg
Ttg +
Te
2Hg
(3.6)
dTtg
dt
= Ktgω0ωt −Ktgω0ωr (3.7)
where Dt and Dg are the damping coeﬃcients of the turbine and generator, Dtg is the
damping coeﬃcient of the ﬂexible coupling between the two masses, Ht and Hg are the
inertia constants for the turbine and the generator, Ktg is the shaft stiﬀness.
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Figure 3.4. Schematic diagram of the shaft.
3.1.2 Dynamic Modeling of the DFIG
The dynamic of the DFIG is expressed through a series diﬀerential equations in sta-
tionary abc reference frame. All the variables of the equations such as voltage, current,
and ﬂux linkage are time-varying variables, which make the computation process complex.
In the late 1920s, R. H. Park introduced an approach to reduce the complexity of electrical
machine analysis: Park’s transformation [58]. In the Park’s transformation, the stator vari-
ables are transferred to a reference frame rotating at the synchronous speed. The detailed
transformation is expressed as:
fqd0s = Ksfabcs, (3.8)
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where
(fqd0s)
T =
[
fqs fds f0s
]
, (3.9)
(fabcs)
T =
[
fas fbs fcs
]
, (3.10)
Ks =
2
3
⎡
⎢⎢⎢⎢⎣
cos(θ) cos(θ − 2π3 ) cos(θ + 2π3 )
sin(θ) sin(θ − 2π3 ) sin(θ + 2π3 )
1
2
1
2
1
2
⎤
⎥⎥⎥⎥⎦ , (3.11)
ω =
dθ
dt
. (3.12)
In the above equations, f could either be voltage, current or ﬂux linkage. The relationship
between the abc stationary reference frame and qd rotating reference frame can be seen in
Fig. 3.5. Fig. 3.6 shows the equivalent circuit of DFIG in qd reference frame. The stator
eω
eθ
Figure 3.5. Reference frame relationship.
voltage and rotor voltage equations in qd reference frame can be obtained as follows:
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Figure 3.6. The equivalent circuit of DFIG.
⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
vqs
vds
v0s
v
′
qr
v
′
dr
v
′
0r
⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
=
⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
rs 0 0 0 0 0
0 rs 0 0 0 0
0 0 rs 0 0 0
0 0 0 r
′
r 0 0
0 0 0 0 r
′
r 0
0 0 0 0 0 r
′
r
⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
iqs
ids
i0s
i
′
qr
i
′
dr
i
′
0r
⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
+
⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
0 ω 0 0 0 0
−ω 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 ω − ωr 0
0 0 0 ω − ωr 0 0
0 0 0 0 0 0
⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
λqs
λds
λ0s
λ
′
qr
λ
′
dr
λ
′
0r
⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
+
⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
˙λqs
˙λds
˙λ0s
˙λ′qr
˙λ
′
dr
˙λ
′
0r
⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
(3.13)
where vqs, vds are the q-axis and d-axis stator voltages, vqr, vdr are the q-axis and d-axis
rotor voltages, rs is the stator resistance, r
′
r is the rotor resistance, Lls is the stator self
inductance, L
′
lr is the rotor self inductance, M is the mutual inductive reactance, ω is the
synchronous rotating speed, and ωr is the rotor rotating speed. The air-gap ﬂux linkages
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are expressed as:
⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
λqs
λds
λ0s
λ
′
qr
λ
′
dr
λ
′
0r
⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
=
⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
Lls +M 0 0 M 0 0
0 Lls +M 0 0 M 0
0 0 Lls 0 0 0
M 0 0 L
′
lr +M 0 0
0 M 0 0 L
′
lr +M 0
0 0 0 0 0 L
′
lr
⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
iqs
ids
i0s
i
′
qr
i
′
dr
i
′
0r
⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
(3.14)
In addition, the electromagnetic torque can be described as:
Te =
2
3
p
2
(λdsiqs − λqsids) (3.15)
where p is the number of poles.
The stator active power fed into the grid can be calculated through the following equa-
tion:
Ps = vqsiqs + vdsids (3.16)
While the reactive power that the stator absorbs or feeds into the grid is calculated:
Qs = vqsids − vdsiqs (3.17)
For GSC, the equivalent circuit in qd reference frame can be obtained from Fig. 3.7,
and the grid side voltage is shown as follows:
vg = vs − ωsLtg dig
dt
− jωsLtgig (3.18)
The voltage and current relationship in qd-axis can be written as:
vqg = vqs − ωsLtg diqg
dt
− ωsLtgidg (3.19)
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Figure 3.7. The equivalent circuit of GSC.
vdg = vds − ωsLtg didg
dt
+ ωsLtgiqg (3.20)
The dynamics of the dc-link between RSC and GSC can be expressed as follows:
CVdc
dVdc
dt
= Pg − Pr = 1
2
(vqgiqg + vdgidg − (vqriqr + vdridr)) (3.21)
where Pg is the active power of the GSC, Pr is the active power of the RSC.
The model of DFIG-based wind farm in Matlab/SimPowerSystems is shown in Fig. 3.8.
The dynamics of the wind turbine and drive train are considered. Pitch angle control is also
given. Since in qd reference frame, the variables are dc signals and hence easier to control.
Consequently, all the variables in abc reference frame are transformed into qd reference
frame. Vector control is adopted for the RSC and GSC, and the required synchronization
angle is derived through phasor-locked loop (PLL).
3.2 LCC-HVDC
3.2.1 Rectifier
A typical rectiﬁer model in Matlab/SimPowerSystems is shown in Fig. 3.9. The recti-
ﬁer is a three-phase, full-wave bridge circuit as shown in Fig. 3.10. The cathodes of valves
1, 3 and 5 are connected together. For the upper row, the valve with the most positive
phase-to-neutral voltage conducts. For the lower row, the anodes of valves 2, 4 and 6 are
connected together. Therefore, the valve with the most negative phase-to-neutral voltage
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Figure 3.8. DFIG-based wind farm model in Matlab/SimPowerSystems.
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conducts. The waveforms of the voltage are illustrated in Fig. 3.11. When ωt is between
00 and 600, van is the highest positive phase, vbn is the lowest negative phase. Hence,
valve 1 of the upper row and valve 6 of the lower row conduct. For the next 600, valve
1 and 2 conduct. Then valve 3 and 2 conduct. From the analysis, it is easy to ﬁnd that
each valve conducts for 1200. The instantaneous direct voltage is composed of several 600
segments. Therefore, the average direct voltage Vd0 can be calculated by the integration
of the instantaneous dc voltage over any 600 period as follows:
Vd0 =
3
π
∫ 600
0
vabd(ωt)
=
3
π
∫ 600
0
√
2Vac sin(ωt+ 60
0)d(ωt)
=
3
√
6
π
Vac
where Vac is the rms line-to-neutral voltage. Vd0 is the “ideal no-load direct voltage.”
Figure 3.9. Schematic diagram of the rectiﬁer in Matlab/SimPowerSystems.
A simpliﬁed rectiﬁer equivalent circuit is shown in Fig. 3.12. For a monopole, 12-pulse
rectiﬁer of HVDC-link, considering the ﬁring angle delay and commutation angle, the re-
lationship between the dc and ac voltage is [2]:
Vdr = Vd0 cosα− 2RrecIdc (3.22)
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Figure 3.10. Three-phase full-wave bridge rectiﬁer.
anv bnv cnv
acv bcvabv bav cav cbv
tω
tω
dcV
Figure 3.11. Voltage waveforms of the three-phase full-wave bridge rectiﬁer.
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where Rrec =
3
πXc is the commutating reactance per phase, Vdr and Idc are the dc voltage
and dc current, α is the ﬁring delay angle of the rectiﬁer and is in the range of 00 − 900.
drV
recR
αcos0dV
Figure 3.12. The equivalent circuit of the rectiﬁer.
The power relationship is expressed as:
Pdc = VdrIdc = Pac (3.23)
Qac = Pac tan(θ) (3.24)
where Pdc is the dc power, Pac and Qac are the active and reactive power, θ is the power
factor.
3.2.2 Inverter
The inverter operation is similar to the rectiﬁer, the only diﬀerence is that the ﬁring
angle is in the range of 900 and 1800. Normally β, called the ignition advance angle, is
used to describe inverter performance. An inverter model in Matlab/SimPowerSystems is
shown in Fig. 3.13 and its equivalent circuit is shown in Fig. 3.14.
The relationship between the ac and dc quantities are as follows:
⎧⎪⎪⎨
⎪⎪⎩
Vdi = Vd0cosβ +RinvIdc
Vd0 =
3
π
√
2BTVac(L−L)
(3.25)
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Figure 3.13. Schematic diagram of the inverter in Matlab/SimPowerSystems.
dcI
diV βcos0dV
invR
Figure 3.14. The equivalent circuit of the inverter.
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where β is the ﬁring advance angle of the inverter in the range of 900 and 1800; Rinv =
3
πXc
is the commutating reactance per phase, B is the number of bridges in series, T is the
transformer ration, and VacL−L is the line-to-line rms value of the ac voltage.
Ignore the power losses, then the ac power is equal to the dc power:
Pac = Pdc (3.26)
3.2.3 AC Filters
LCC converters generate low order harmonic currents and harmonic voltages, which
will be injected into power system. The harmonic orders depend on the pulse number.
A converter with p pulse generates harmonic orders pq ± 1, q is an integer. For 12-pulse
converter, the ac harmonic orders will be 12q ± 1 (i.e., 11th, 13th, 23th, 25th...). Also,
their amplitudes decrease with harmonic order. Some undesirable eﬀects may occur if
the harmonics enter the ac power system, such as telephone interference, overheating of
capacitors and generators, higher losses, etc.[59, 60, 61]. Normally, ﬁlters are adopted on
the ac side to reduce the harmonics. Furthermore, they can also supply reactive power at
the fundamental frequency. A typical ﬁlter system contains single tuned ﬁlter, high-pass
ﬁlter and C-type ﬁlter.
3.2.3.1 Single Tuned Filter
A single tuned ﬁlter is a kind of band-pass ﬁlter tuned at a single frequency. Fig. 3.15
shows a block diagram of the single tuned ﬁlter. The values of the capacitor, inductance
and resistance are determined by the tuned frequency, reactive power at nominal voltage
and quality factor [45, 46]. The reactive power Qc at fundamental frequency f1 is calculated
as follows: Qc =
n2
n2−1
V 2
Xc
, where n is the harmonic order, V is the nominal line-line voltage,
Xc is the capacitor reactance at fundamental frequency. Then the value of the capacitor
is: C = Qc(n
2−1)
ωn2V 2
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Figure 3.15. Single tuned
ﬁlter.
Figure 3.16. High-pass ﬁl-
ter. Figure 3.17. C-type ﬁlter.
The quality factor Q is a measurement of the tuning frequency. Q is the quality factor
of the reactance at the tuning frequency: Q = nXLR =
Xc
nR . Then the value of the resistance
is: R = 1ωCnQ . In addition, the value of the inductance is: L =
1
ω2n2C .
A Double tuned ﬁlter is also used in the ac ﬁlters for HVDC, which is a kind of single
tuned ﬁlter. The only diﬀerence is that the double tuned ﬁlter tuned at two diﬀerent
harmonic orders.
3.2.3.2 High-Pass Filter
The high-pass ﬁlter is used to ﬁlter out the high frequency harmonics. As seen in Fig.
3.16, the resistance R and inductance L are connected in parallel. The quality factor of
the high-pass ﬁlter is the quality factor of the parallel RL circuit at the tuning frequency:
Q =
R
L · 2πfn (3.27)
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where fn is the tuning frequency. The values of capacitor, inductance and resistance can
be calculated as follows [45]:
⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩
C = Qc(n
2−1)
ωn2V 2
L = V
2
(n2−1)ωQc
R = Q · 2πLfn
(3.28)
3.2.3.3 C-Type Filter
A C-type ﬁlter is a kind of high-pass ﬁlter as shown in Fig. 3.17, where the inductance
L is replaced with a series LC circuit. It is capable not only of ﬁltering out low order
harmonics, but also of providing reactive power. The quality factor of a C-type ﬁlter is the
same as the high-pass ﬁlter:
Q =
R
L · 2πfn (3.29)
R, L values can be calculated in the same way as high-pass ﬁlter [47, 48].
⎧⎪⎪⎨
⎪⎪⎩
L = V
2
(n2−1)ωQc
R = Q · 2πLfn
(3.30)
The only diﬀerence is the capacitors. C1 is determined by the required reactive power at
the nominal voltage, which is derived as follows:
C1 =
Qc
ωV 2
(3.31)
The series of C1 and C2 is an equivalent C, which could be found as follows:
⎧⎪⎪⎨
⎪⎪⎩
C = Qc(n
2−1)
ωn2V 2
1
C =
1
C1
+ 1C2
(3.32)
Then C2 can be calculated from C and C1.
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3.2.3.4 Example
This paragraph gives an example to explain the function of the ac ﬁlters and their
parameter design for a real system. For the thyristor-based HVDC link given in the demo
of Matlab/SimPowerSystems, it is a 1000MW HVDC system used to transmit power from
a 500KV, 60Hz system to a 345KV, 50Hz system. For a rated 1000MW LCC-HVDC,
the required reactive power at the ac side is about 50%-60% of the dc power under most
normal operations [62]. For the sending end, an ac ﬁlter block composed of a capacitor
bank, single tuned ﬁlter and high-pass ﬁlter is designed to give 600 MVar reactive power.
The capacitor bank provides 150MVar. The parameters of a single tuned ﬁlter to ﬁlter out
the 11th ﬁlter is designed as follows:
The capacitor value is:
C =
Qc(n
2 − 1)
ωn2V 2
=
150 ∗ 106(112 − 1)
2π ∗ 60 ∗ 112(500 ∗ 103)2 ≈ 1.6μF (3.33)
where this single tuned ﬁlter provides 150Mvar reactive power, hence, Qc = 150 ∗ 106. It
aims to ﬁlter out the 11th ﬁlter, then n = 11. The frequency of the ac side is 60Hz, which
means ω = 2π60, and V is the rated ac voltage. Then the capacitor needed for the single
tuned ﬁlter is about 1.6μF .
The quality factor Q of the ﬁlter is set as 100. Then the parameters of the resistance
and inductance can be calculated as:
⎧⎪⎪⎨
⎪⎪⎩
R = 1ωCnQ =
1
2π60∗1.6∗10(−6)∗11∗100 ≈ 1.5Ω
L = 1
ω2n2C
= 1
(2π60)2112∗1.6∗10−6 ≈ 36mH
(3.34)
A single tuned ﬁlter to ﬁlter out the 13th harmonic and high-pass ﬁlter tuned to the
24th harmonic could also be designed in a similar way.
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CHAPTER 4
CONTROL OF WIND GENERATION SYSTEM WITH LCC-HVDC
DELIVERY
This chapter describes the basic control scheme for the DFIG-based wind farm and
HVDC. The RSC of DFIG is designed to control the active and reactive power, and the
GSC aims to keep the dc-link voltage constant. Conventional power control for the HVDC
is discussed in this chapter.
4.1 Phasor-Locked Loop (PLL)
Vector control is deployed for both RSC and GSC to obtain independent control of
active power, reactive power and keep the dc-link voltage constant [33]. PI controllers are
used to control the variable frequency converters. Three phase ac variables need to be
transferred into dc variables, since PI controllers deal with dc variables. To express the
phasor variables in qd reference frame, abc to qd reference frame transformation is used.
The detailed transformation process was introduced in Chapter 3. The angle ρ for the qd
reference frame is calculated by PLL [63, 64, 65, 66, 67, 68]. The expression of the system
voltage Vs in qd reference frame is:
Vsd = Vs cos(ω0t+ θ0 − ρ) (4.1)
Vsq = Vs sin(ω0t+ θ0 − ρ) (4.2)
From the above expression, when ρ(t) = ω0 + θ0, Vsq = 0. The function of PLL is to
regulate ρ at ω0 + θ0. The schematic diagram of the PLL is shown in Fig. 4.1 [69]. It is
seen that the three phase voltage Vs in abc frame is transformed into qd frame with the
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sine and cosine values of the angle ρ. The PI controller forces the q-axis component Vsq to
its reference value zero through adjusting the rotation speed ω of the qd frame. The angle
ρ is the integration of the rotation speed ω.
sbV
scV
sdV
sqV
*
sqV
saV
ρ
sω
∑
∑∫
ω
Figure 4.1. Schematic diagram of the phasor-locked loop(PLL).
4.2 Control Scheme for Rotor-Side Converter (RSC)
In most cases, the controller for the RSC contains two cascade control loops the outer
loop for power control, the inner loop for current control [33]. The expression of rotor
voltage can be obtained from the model of DFIG as described in the previous chapter:
vr = rrir +
dλr
dt
+ j(ω − ωr)λr (4.3)
Since the rotor ﬂux λr can be expressed by rotor current ir and stator ﬂux λs as follows:
λr = Lrσir +
Lm
Ls
λs (4.4)
where σ = (1− L2mLrLs ) Hence, under steady-state, the q-axis and d-axis of the rotor voltage
can be expressed by:
⎧⎪⎪⎨
⎪⎪⎩
vqr = rriqr + σLr
diqr
dt − ωslipσLridr
vdr = rridr + σLr
didr
dt − ωslip(σLriqr + LmLs λs)
(4.5)
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If we make the following deﬁnition:
⎧⎪⎪⎨
⎪⎪⎩
vqr′ = vqr + ωslipσLridr
vdr′ = vdr + ωslip(σLriqr +
Lm
Ls
λs)
(4.6)
Then
⎧⎪⎪⎨
⎪⎪⎩
vqr′ = rriqr + σLr
diqr
dt
vdr′ = rridr + σLr
didr
dt
(4.7)
The above expressions of vqr′ and vdr′ are diﬀerential equations in time domain, the ex-
pressions in s-domain are:
⎧⎪⎪⎨
⎪⎪⎩
vqr′ = rriqr + σLrsiqr = (rr + σLrs)iqr
vdr′ = rridr + σLrsidr = (rr + σLrs)idr
(4.8)
Also, vqr′ and vdr′ could be designed by PI controllers as follows:
⎧⎪⎪⎨
⎪⎪⎩
vqr′ = (Kp1 +
Ki1
s )(i
∗
qr − iqr)
vdr′ = (Kp2 +
Ki2
s )(i
∗
dr − idr)
(4.9)
Then the block diagram of the current-controlled system can be seen in Fig. 4.2.
*
qri 'qrv
qri∑ sLr rr σ+
1
*
dri
dri∑ 'dr
v
s
KK ip 11 +
s
KK ip 22 + sLr rr σ+
1
Figure 4.2. Schematic diagram of the controller for RSC in qd reference frame.
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The open loop transfer function l(s) of the system is (open loop transfer functions of
the q-axis and d-axis are the same):
l(s) = (Kp1 +
Ki1
s
)
1
rr + σLrs
(4.10)
Then the closed loop transfer function G(s) is:
G(s) =
l(s)
1 + l(s)
=
1
1 + sσLrs+rrKps+Ki
(4.11)
In addition, the general closed-loop transfer function is:
G(s) =
1
1 + τis
(4.12)
where τ is the time constant of the resultant closed-loop system. Then the parameters of
the PI controller Kp and Ki can be calculated through τi:
⎧⎪⎪⎨
⎪⎪⎩
Kp = Kp1 = Kp2 =
σLr
τi
Ki = Ki1 = Ki2 =
rr
τi
(4.13)
A smaller τi means faster control response. Typically, τi is in the range of 0.5-5ms.
To verify the design of PI parameters, an example is given. Here, the key parameters
of the wind generator in [70] are listed in the following table. From the nominal power and
Table 4.1. Parameters of the simulated wind generator
nominal power 1.678(MW )
nominal voltage 2.3(kV )
rotor resistance rr 26(mΩ)
stator inductance Ls 35.12(mΩ)
rotor inductance Lr 35.12(mΩ)
magnetizing inductance Lm 34.52(mΩ)
voltage, the base impedance Zb is calculated as: Zb =
V 2b
Sb
= (2.3∗10
3)2
1.678∗106 = 3.1525Ω. Then the
per unit value of the resistance, inductance can be found. From Lm, Ls and Lr, σ can be
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calculated as follows:
σ = 1− L
2
m
LsLr
= 1− 34.52 ∗ 10
−3/3.1525
35.12 ∗ 10−3/3.1525 ∗ 35.12 ∗ 10−3/3.1525 = 0.034 (4.14)
Then Kp =
σLr
τi
= 0.034∗35.12∗10
−3/3.1525
1.136∗10−3 ≈ 333.33, and Ki = rrτi =
26∗10−3/3.1525
1.136∗10−3 ≈ 7.26
where the time constant τi used here is 1.136ms, the calculated Kp and Ki are very close
the values used in [70].
The outer control loop of RSC is analyzed as follows: from the model of DFIG as
described in (3.13), the stator voltage is calculated as:
vs = rsis +
dλs
dt
+ jωλs (4.15)
where
λs = Lsis + Lmir (4.16)
Under steady-state, and ignoring the stator resistance, the stator voltage will be:
vs = jωλs (4.17)
From (4.16) and (6.7), the active and reactive power can be calculated:
Ps + jQs =
3
2
vsi
∗
s =
3
2
jωλs(
1
Ls
(λs − Lmir))∗ (4.18)
The basic control of DFIG is based on stator ﬂux orientated control, where the d-axis is
aligned with the stator ﬂux, which means λs = λds, λqs = 0. Hence,
Ps + jQs = −3
2
jωλs
Lm
Ls
iqr + j
3
2
ωλs
1
Ls
(λs − Lmidr) (4.19)
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Then the active power and reactive are calculated through:
Ps = −3
2
jωλs
Lm
Ls
iqr (4.20)
Qs =
3
2
ωλs
1
Ls
(λds− Lmidr) (4.21)
The above expressions of Ps and Qs indicate that the rotor current component iqr could
be regulated through the stator active power Ps, while the d-axis component idr can be
regulated through the stator reactive power Qs. Hence, the outer power control loop could
be designed to get the reference value of rotor current. PI controllers are also used in the
outer loop control; the parameters of the outer loop PI controller is similar to the inner
loop. The only diﬀerence is that the outer loop is much faster than the inner loop [71].
Therefore, the time constant τi of the outer loop is higher than the inner loop.
Hence, the whole RSC control loop can be shown in Fig. 4.3.
*
sQ
drisQ 1drv
drv
*
eT
qrieT 1qrv
qrv
∑
∑ ∑
∑ ∑
∑
Figure 4.3. Control scheme for RSC: vqr1 = −ωslipσLridr, vdr1 = −ωslip(σLriqr+M/Lsλs).
4.3 Control Scheme for Grid-Side Converter (GSC)
Similar to the RSC, the GSC also has two cascaded control loops. The inner current
control loops for the GSC could be designed using the same procedures as the RSC. The
grid-side voltage could be obtained through the PI controllers and feedback loops.
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From the equivalent circuit of the GSC as shown in Fig. 3.7, the q-axis and d-axis
components of the GSC side voltage can be calculated as follows:
⎧⎪⎪⎨
⎪⎪⎩
vqg = −Rgiqg − ωsLtg diqgdt − ωsLtgidg + vqs
vdg = −Rgidg − ωsLtg didgdt + ωsLtgiqg + vds
(4.22)
If we deﬁne:
⎧⎪⎪⎨
⎪⎪⎩
v
′
qg = vqg + ωsLtgidg − vqs
v
′
dg = vdg − ωsLtgiqg − vds
(4.23)
Then
⎧⎪⎪⎨
⎪⎪⎩
v
′
qg = −Rgiqg − ωsLtg diqgdt
v
′
dg = −Rgidg − ωsLtg didgdt
(4.24)
In s-domain, the expressions of v
′
qg and v
′
dg are:
v
′
qg = −Rgiqg − ωsLtgsiqg = −(Rg + ωsLtgs)iqg (4.25)
v
′
dg = −Rgidg − ωsLtgsidg = −(Rg + ωsLtgs)idg (4.26)
In addition, v
′
qg and v
′
dg could be designed by PI controllers as follows:
⎧⎪⎪⎨
⎪⎪⎩
v
′
qg = (Kp3 +
Ki3
s )(i
∗
qg − iqg)
v
′
dg = (Kp4 +
Ki4
s )(i
∗
dg − idg)
(4.27)
Then the block diagram of the current-controlled system can be seen in Fig. 4.4.
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Figure 4.4. Schematic diagram of the controller for GSC in qd reference frame.
The open loop transfer function l(s) of the system is (open loop transfer functions of
the q-axis and d-axis are the same):
l(s) = (Kp +
Ki
s
)
1
Rg + ωsLtgs
(4.28)
Then the closed loop transfer function G(s) is:
G(s) =
l(s)
1 + l(s)
=
1
1 + s
Rg+ωsLtgs
Kps+Ki
(4.29)
The general closed-loop transfer function is:
G(s) =
1
1 + τis
(4.30)
where τ is the time constant of the resultant closed-loop system. Then the parameters of
the PI controller Kp and Ki can be calculated through τi:
⎧⎪⎪⎨
⎪⎪⎩
Kp = Kp3 = Kp4 =
ωsLtg
τi
Ki = Ki3 = Ki4 =
Rg
τi
(4.31)
For the outer control loop, the dynamic expression of the dc-link between RSC and GSC
is described through (3.21) in the previous chapter. When the terminal voltage phasor v¯s
of the DFIG is oriented at q-axis, the qd-axis voltages become: vqs = vs, vds = 0. Hence
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the GSC power becomes: Pg = real(vsi
∗
g) = vqsiqg. Thus, the dc-link voltage dynamic
equation can be expressed as:
CVdc
dVdc
dt
= vqsiqg − Pr. (4.32)
Hence, the reference value of q-axis grid-side current i∗qg could be generated by the PI
controller as follows:
i∗qg = (Kp5 +
Ki5
s
)(V ∗dc − Vdc) (4.33)
On the other hand, the d-axis grid-current component idg responds to the grid-side reactive
power Qg. Hence, a similar PI controller could also be designed to get the reference value
of idg:
i∗dg = (Kp6 +
Ki6
s
)(Q∗g −Qg) (4.34)
The whole control scheme of GSC is shown in Fig. 4.5. It is obvious that through GSC
current control, the voltage of dc-link Vdc could be kept constant. As shown in (3.18), the
stator terminal voltage could be controlled through iqg.
*
dcV
qgidcV 1qg
v
qgv
*
gQ
dgigQ 1dgv
dgv
∑
∑ ∑
∑ ∑
∑
Figure 4.5. Control scheme for GSC: vqg1 = vqs − ωsLtgidg, vdg1 = vds + ωsLtgiqg.
The schematic diagram of the controllers for both RSC and GSC in qd reference frame
is shown in Fig. 4.6.
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ρ
Figure 4.6. Simpliﬁed block diagram of the current control scheme for RSC and GSC.
4.4 Control of HVDC
To ensure stable and eﬃcient operation, the HVDC system should be well controlled.
This part introduces the basic control principle of the HVDC system. Considering the
equivalent circuit of the HVDC link as shown in Fig. 4.7, the dc current ﬂowing through
the dc line is:
Idc =
Vd0r cosα− Vd0i cos β
Rrec +Rdc +Rinv
(4.35)
dcI
drVαcos0rdV
recR
diV βcos0idV
invRdcR
Figure 4.7. The equivalent circuit of an HVDC link [2].
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It is obvious that the dc voltage and dc current could be regulated through the internal
voltages(Vd0r cosα and Vd0i cos β). Also, the internal voltages are controlled by the ignition
angle α and β. Hence, the dc voltage and current could be controlled through adjusting
the ignition angles. The basic control philosophy of HVDC system is constant current
control for the rectiﬁer and constant extinction angle control for the inverter. Fig. 4.8
shows the ideal V-I characteristics. The rectiﬁer V-I characteristic is a vertical line, while
the inverter V-I characteristic is a slightly slopped line. The intersection of the two lines
is the operating point.
Figure 4.8. The ideal V-I characteristics of the HVDC system [2].
When a wind farm is connected to the grid through HVDC, the receiving end of the
HVDC needs to absorb the generated wind power excluding the losses on the transformers
and lines. The conventional control scheme of the rectiﬁer of HVDC-link is constant power
control as shown in Fig. 4.9. The current order is determined by the power order divided
by the measured dc voltage. The computed current order is used as the input signal to the
current control loop.
On the other hand, constant voltage control mode is normally used for the inverter. A
closed-loop PI controller as shown in Fig. 4.10 is designed to keep the dc voltage constant.
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Figure 4.9. Constant power control diagram.
dcI
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diV
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α β
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∑ ∑
Figure 4.10. Constant voltage control diagram for the inverter.
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CHAPTER 5
FAULT-RIDE THROUGH (FRT) OF DIRECT CONNECTED
DFIG-BASED WIND FARM
This chapter has been published in Electric Power Systems Research and appears in
this dissertation with Elsevier’s permission.
Under unbalanced stator conditions, DFIGs will suﬀer rotor current harmonics and
torque pulsations which can cause excessive shaft stress and winding losses. Currently,
the control techniques to reduce the torque pulsation include rotor-side converter (RSC)
injected voltage compensation [30, 31] and grid-side converter (GSC) compensation [32].
DC-link voltage ﬂuctuation is also an important issue under unbalanced stator condi-
tions. DC-link voltage pulsation represents the unbalanced power communication between
RSC and GSC. In [31], the RSC control loop limits the DFIG torque oscillation, and the
GSC compensates the DFIG stator active power oscillation to ensure zero oscillation in the
dc-link voltage. Similar ride-through control of DFIG is also described in [34]. [72] gives
detailed discussions about the dc-link voltage ﬂuctuation issue during a balanced three-
phase grid fault. Instantaneous rotor power feedback is proposed to limit the oscillation of
the dc-link voltage.
Controls can be realized through current control loops [31, 33, 32, 35, 10, 34, 12], or
through direct power control [36, 37]. The current controllers either adopt synchronous
reference frame(qd+) or both positive synchronous and negative synchronous reference
frame(qd+ and qd−). The latter approach decomposes and extracts harmonics in rotor
currents and control them separately [31]. A similar qd+ and qd− approach is used in
[32], [34] and [12] to extract the negative sequence currents to the grid in qd− reference
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frame, and then adopt proportional and integral (PI) controllers to compensate the negative
sequence current from grid-side converters.
The ﬁrst approach in [30] and [73, 74] uses only one reference frame qd+ and ultimately
dealing with 2ωe frequency harmonics. In [30], the controller design requires careful tuning.
While in [73, 74], proportional integral and resonant (PIR) controllers are adopted to
eliminate the 2ωe frequency harmonics. The second approach in [31] and [32] requires two
reference frames and ﬁlters to trap high frequency harmonics. More recently, for generalized
grid converters, αβ reference frame is used and proportional resonance controller is adopted
[35].
The purpose of this chapter is to investigate negative sequence compensation techniques
by RSC and/or GSC. The limitation of using either RSC or GSC is presented. A coordi-
nated control technique with simpliﬁed structure is proposed here. Matlab/Simulink tests
for a 2MW DFIG demonstrate the eﬀectiveness of the control technique.
5.1 Analysis of DFIG Under Unbalanced Grid Voltage and Negative Sequence
Compensation
The transients in rotor voltages due to stator voltage dip are analyzed in [75]. Under
unbalanced grid voltage, the most severe operation problems are the torque ripple due to
the negative sequence components in the stator and rotor currents and the dc-link voltage
ripple [12]. The steady state components in the rotor currents and electromagnetic torque
are analyzed in [76]. In this section, the rotor current components, the torque components
are presented along with negative sequence compensation techniques via RSC or GSC and
their consequence on dc-link voltage ripple.
5.1.1 Components in Rotor Currents and Electromagnetic Torque Under Un-
balanced Grid Voltage
Table 5.1 shows the components in the three reference frames.
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Table 5.1. Rotor current components observed in various reference frames
stationary abc qd+ qd− αβ
Positive sequence sωe 0 −2ωe ωe
Negative sequence −(2− s)ωe 2ωe 0 −ωe
Under unbalanced stator conditions, the torque can be decomposed into four compo-
nents:
Te = Te1 + Te2 + Te3 + Te4 (5.1)
where Te1 is due to the interaction of I¯s+ and I¯r+, Te2 is due to the interaction of I¯s− and
I¯r−, Te3 is due to the interaction of I¯s+ and I¯r−, and Te4 is due to the interaction of I¯s−
and I¯r+. Te1 and Te2 are due to the interaction of the same harmonic order currents or
mmfs. Hence these two are dc components. Te3 and Te4 are pulsating components with a
frequency of 2ωe. The frequencies of those components are listed in Table 5.2.
Table 5.2. Electromagnetic torque components
Component Te1 Te2 Te3 Te4
Frequency 0 0 2ωe 2ωe
5.1.2 Negative Sequence Compensation Using One Converter and Its Limita-
tion
To reduce the torque pulsation, negative sequence compensation is widely adopted in
literature. Negative sequence compensation can be done by either RSC or GSC. In the
following paragraphs, the compensation techniques are present along with their limitations.
5.1.2.1 Negative Sequence Compensation via GSC
[32] presents the negative sequence compensation technique through GSC. The main
scheme behind the proposed method is to let the GSCs compensate the negative sequence
current required in the network during unbalanced operation. As shown in the circuit
model Fig. 5.1, the GSCs will provide the negative sequence components for the currents
to the grid. Then the stator currents will not contain the negative sequence component.
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is ie++ie-
ig++ig-
ir
Figure 5.1. The control philosophy: negative sequence compensation through GSC: ig− =
ie−.
In this negative sequence compensation method, the current controllers of GSC will
sense the currents through the network, and provide negative sequence currents for com-
pensation. Since the GSC provides the negative sequence current to the grid, the active
power generated from the GSC has a dc component and a pulsating component with a fre-
quency of 2ωe. The dc-link voltage is determined by the two instantaneous active powers
Pr and Pg:
CVdc
dVdc
dt
= Pg − Pr. (5.2)
Since there is only negative sequence compensation from the GSC, and the rotor power Pr
has only dc component, then the dc-link voltage will have two pulsating components at
frequencies of 2ωe and 4ωe [77].
5.1.2.2 Negative Sequence Compensation via RSC
RSC could also be used to provide negative sequence compensation to reduce the torque
pulsation [31]. From the steady-state circuit model as shown in Fig. 5.2, it can be found
that injecting a negative sequence voltage from the RSC can compensate the negative
sequence rotor current (I¯−ar = 0). [31] presents the detailed derivation process of the rotor
current reference values.
In this method, a negative sequence voltage will be injected to the RSC, which will
introduce a second harmonic power component. The RSC active power is Pr = real(VrI
∗
r ).
For interactions between the rotor current and voltage of the opposite sequence (+, -) or
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Figure 5.2. Steady-state induction machine circuit representation.
(-, +), the rotor power will have a pulsating component with frequency 2ωe. Thus, the
resultant power can also be decomposed into four components:
Pr = Pr1 + Pr2 + Pr3 + Pr4 (5.3)
where Pr1 is due to the interaction of V¯r+ and I¯r+, Pr2 is due to the interaction of V¯r− and
I¯r−, Pr3 is due to the interaction of V¯r+ and I¯r−, and Pr4 is due to the interaction of V¯r−
and I¯r+. Pr1 and Pr2 are due to the interaction of the same harmonic order currents and
voltages. Hence these two are dc components. Pr3 and Pr4 are pulsating components with
frequency of 2ωe.
The main drawback of this method is that the dc-link voltage will have ripples with
two pulsating components at frequencies of 2ωe and 4ωe. Because if there is only negative
sequence compensation from the RSC, and we assume that the GSC power Pg has only dc
component, then it will lead to dc voltage ripples.
5.2 Proposed Coordination Technique Under Unbalanced Grid Condition
As analyzed in the previous paragraph, ripples in the torque and dc-link voltages will
be produced under unbalanced grid conditions. Hence, when there is unbalanced grid fault,
the control objectives are obvious: 1) to suppress torque ripples; 2) to reduce the ripples
in the dc-link voltages; 3) to reduce the magnitude of the rotor currents.
Various control techniques based on RSC and GSC have been introduced in the liter-
ature. In [33, 10], the RSC is used to eliminate the torque oscillations at double supply
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frequency while the GSC is controlled to cancel the stator power pulsation. Therefore,
the overall output power from the DFIG system is then kept constant. In [34, 12], the
RSC is controlled to eliminate the torque oscillations while the GSC is designed to keep
dc voltage constant. In [33, 10], the negative sequence current reference values of GSC
are derived from the stator power measurements while in [34], the GSC negative sequence
current reference values are computed from the rotor power measurement.
Objectives 1 and 3 are equivalent since reduction of the negative sequence of rotor
current results in reduction of torque ripples. Instead of computing the reference values of
the RSC negative sequence currents, the reference values are set to zero. The purpose of
the negative sequence RSC current controller is to eliminate the negative sequence rotor
current. Dual sequence controllers to separately control the positive sequence and negative
sequence rotor current are applied in [34, 12]. Filters are applied to separate the currents
after abc/qd transformation. Filters can introduce time delay and deteriorate control
performance. Hence in [33, 10], the main controller dealing with the positive sequence is
implemented without ﬁlter, only the auxiliary controller dealing with the negative sequence
rotor currents have ﬁlters. The control structure can be simpliﬁed using proportional
resonant (PR) controller. A PR controller can be considered an ac signal tracker just as
a PI controller is a dc signal tracker [78]. A PR controller has been tested to eliminate
the negative sequence rotor current by the authors in [79]. Here, the same rotor current
control structure is adopted. The control loop is simpliﬁed.
The GSC is also controlled to keep the dc-link voltage constant. Instead of using dual
current sequence controller similar to [33, 10, 34, 12], a technique in [72] to limit dc-link
voltage ﬂuctuation is adopted in GSC control. The key idea is that the current reference
value should change to reﬂect the instantaneous power transfer through the dc-link. Thus
the instantaneous rotor power is measured and used to obtain the current reference value.
The method has been veriﬁed in [72] for symmetric voltage dip and it is found that the
dc-link voltage ﬂuctuation is eﬀectively limited. In unbalanced grid conditions, the dc-link
voltage also suﬀers ﬂuctuation; the same method can be used to limit the ﬂuctuation.
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The details of the control of the GSC and RSC are given in the following subsections.
5.2.1 RSC Control
Under unbalanced stator conditions, the negative sequence stator currents form the
clockwise rotating mmf in the machine air gap. This mmf will then induce a clockwise
rotating ﬂux in the gap, which in turn induces an emf in the rotor circuit with a frequency
of ωe+ωm or (2−s)ωe. Correspondingly, the interaction of stator current and rotor current
will cause harmonics of electromagnetic torque.
The electromagnetic torque can be expressed as [33]:
Te = Tedc + Tecos cos(2ωet) + Tesin sin(2ωet), (5.4)
where
⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩
T+edc = K(λ
+
qs+I
+
qr+ + λ
+
ds+I
+
dr+ + λ
−
qs−I
−
qr− + λ
−
ds−I
−
dr−)
T+ecos = K(λ
+
qs+I
−
qr− + λ
+
ds+I
−
dr− + λ
−
qs−I
+
qr+ + λ
−
ds−I
+
dr+)
T+esin = K(λ
+
ds+I
−
qr− − λ+qs+I−dr− − λ−ds−I+qr+ + λ−qs−I+dr+)
(5.5)
and K = 32
P
2
M
Ls
.
To minimize the harmonics of the electromagnetic torque, [33], [12] and [34] set the
harmonic parts to zero:
⎧⎪⎪⎨
⎪⎪⎩
Tecos = 0
Tesin = 0
(5.6)
Then
⎧⎪⎪⎨
⎪⎪⎩
λ+qs+I
−
qr− + λ
+
ds+I
−
dr− + λ
−
qs−I
+
qr+ + λ
−
ds−I
+
dr+ = 0
λ+ds+I
−
qr− − λ+qs+I−dr− − λ−ds−I+qr+ + λ−qs−I+dr+ = 0
(5.7)
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Thus, from the above two equations, the reference values of negative sequence rotor currents
can be calculated. Except for the positive sequence control loop of RSC, another negative
sequence control loop is also considered for the electromagnetic torque limitation.
However, calculation of I−qr− and I
−
dr− through (5.7) and (5.7) is complex, since λs
should be decomposed into positive and negative sequence components. Hence, qd+ and
qd− reference frames conversions are necessary. On the other hand, low pass ﬁlters are also
needed, which cause some delay.
If the rotor current harmonics are properly eliminated, the harmonics of Te and Pr
could also be limited. Hence a simple RSC control is proposed in Fig 5.3 to set I−qr− and
I−dr− to zeros. In order to further simplify the control structure, the dual sequence control
loop in qd+ and qd− is replaced by proportional resonant (PR) control where αβ reference
frame is adopted. Positive sequence reference currents are transformed into αβ reference
frame. Since the negative sequence reference currents are set as zeros, reference currents in
alphaβ contain only positive sequence information. The measurements are also transferred
in αβ frame and become ac variables with a frequency of ωe. PR controllers are eﬀective
for ac signal tracking. Hence the controller will eliminate the negative sequence currents
in the rotor.
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Figure 5.3. Proposed RSC control structure.
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5.2.2 GSC Control
DC-link voltage ﬂuctuation is an important issue under unbalanced grid voltage. It
is essential to keep the dc-link voltage constant. According to the above analysis of rotor
instantaneous power Pr and grid instantaneous power Pg, the harmonics diﬀerence between
Pr and Pg causes the oscillation of the dc-link voltage. Constant dc-link voltage ensures
balanced power communication between RSC and GSC.
In [33], GSC is used to compensate RSC transient power oscillation to ensure constant
dc-link voltage. Under unbalanced grid voltage, voltage and current of RSC and GSC have
positive and negative components as analyzed.
Hence the rotor power can be expressed as:
Pr = real(V
+
r I
+∗
r ) = Prdc + Prcos cos(2ωet) + Prsin sin(2ωet). (5.8)
where
P+rdc = V
+
qr+I
+
qr+ + V
+
dr+I
+
dr+ + V
−
qr−I
−
qr− + V
−
dr−I
−
dr− (5.9)
P+rcos = V
+
qr+I
−
qr− + V
+
dr+I
−
dr− + V
−
qr−I
+
qr+ + V
−
dr−I
+
dr+ (5.10)
P+rsin = V
−
qr−I
+
dr+ − V −dr−I+qr+ − V +qr+I−dr− + V +dr+I−qr− (5.11)
The expression of grid power in qd+ reference frame can be expressed in the same way:
Pg = real(V
+
g I
+∗
g ) = Pgdc + Pgcos cos(2ωet) + Pgsin sin(2ωet). (5.12)
According to the analysis of the dc-link voltage, to keep the dc-link voltage constant, P+rcos
should equal to P+gcos, and P
+
rsin should equal to P
+
gsin. Hence, the reference values of I
−
qg−
and I−dg− can be calculated from the two equations:
Prcos = Pgcos (5.13)
Prsin = Pgsin (5.14)
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The calculation of negative sequence grid currents through (5.13) and (5.14) is very
complex. Furthermore, the low pass ﬁlters used in dual control loops deteriorate controller
performance. A simpler method is sought here.
As the grid current Ig is oriented in the q-axis, hence Iqg = Ig, Idg = 0. The grid power
becomes
Pg = real(VgI
∗
g ) = VqgIqg. (5.15)
Thus,
CVdc
dVdc
dt
= VqgIqg − Pr (5.16)
Under unbalanced grid condition, the harmonics of the rotor power Pr is obvious as ana-
lyzed before. In order to keep the dc-link voltage constant, it is important to consider Pr
eﬀect. From (5.11),
Iqg = CVdc
dVdc
dt
/Vqg + Pr/Vqg. (5.17)
Based on the GSC control loop, the reference value of Iqg should include the rotor power
eﬀect Pr/Vqg. The new proposed control technique of GSC is shown in Fig. 5.4.
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Figure 5.4. Proposed control technique for GSC.
5.3 Simulation Studies
Simulation studies with the proposed control design are carried out in Matlab/Simulink
for a 2MW grid-tied DFIG. The parameters of the DFIG are given in Table 5.3. Three
scenarios are tested: scenario 1, with only positive sequence control loops of GSC and RSC;
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scenario 2, with negative sequence compensation control loops of GSC and RSC; scenario
3, with proposed control technique of GSC and RSC.
Table 5.3. Parameters of the 2MW DFIG
rs (pu) 0.00488
rr (pu) 0.00549
Xls (pu) 0.09231
Xlr (pu) 0.09955
XM (pu) 3.95279
H (kg.m2) 3.5
The Phase A grid voltage will be subjected to a low voltage at 1s. At 1.5 seconds, the
voltage will be recovered (as seen in Fig. 5.5).
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Figure 5.5. Grid voltage during the whole studied time.
During the unbalanced period, the grid and stator currents have positive sequence
components (ωe) and negative sequence components (−ωe) in stationary abc reference
frame. The rotor currents will have a component with a frequency of sωe corresponding to
the positive sequence and a component with a frequency of −(2 − s)ωe corresponding to
the negative sequence. The electromagnetic torque is due to the interaction between the
stator currents and the rotor currents. From the analysis in the above paragraph, during
1-1.5 s, Te has a harmonic of a frequency of 2ωe. The dynamic response of electromagnetic
torque under the three scenarios are shown in Fig. 5.6 and Fig. 5.7. It is obvious that with
a negative sequence compensation technique, the harmonics of electromagnetic torque are
limited eﬀectively.
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Figure 5.6. Dynamic responses of electromagnetic torque.
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Figure 5.7. Dynamic responses of electromagnetic torque in the center of grid unbalance.
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Simulation results of the active power under the above three scenarios can be seen in
Fig. 5.8 and Fig. 5.9. Negative sequence compensation techniques suppress the oscillation
of Pe compared with only positive sequence control strategy.
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Figure 5.8. Comparison of the total active power from the DFIG.
According to the analysis in the previous section, the harmonics of the dc-link voltage is
caused by the oscillation diﬀerence between rotor power and grid power. With the negative
sequence power compensation technique, the harmonics of the dc-link voltage are greatly
reduced compared with only positive sequence control loops.
With the new proposed control technique, through RSC, the rotor current harmonics
are eliminated; correspondingly, the harmonics of Te and Pr are limited. On the other hand,
through GSC, the grid power Pg senses the variation of the rotor power Pr. So, the dc-
link harmonics are well controlled and it is more eﬀective than the negative compensation
technique. The simulation results are shown in Fig. 5.10 and Fig. 5.11.
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Figure 5.9. Comparison of the total active power plots under three scenarios in the center
of grid unbalance.
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Figure 5.10. Response of dc-link voltage during the whole grid unbalance under three
scenarios.
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Figure 5.11. Response of dc-link voltage in the center of grid unbalance under three sce-
narios.
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CHAPTER 6
ACTIVE POWER BALANCE
This chapter has been published in North American Power Symposium 2009 and ap-
pears in this dissertation with IEEE’s permission.
One limitation of wind energy are the ever-changing characteristics of wind, which
means the captured wind power is changing all the time. For wind farm with HVDC
delivery, the transmitted dc power should balance the varying ac power from the wind farm.
Any imbalance will cause stress on the system. Active power balance between a DFIG-
based wind farm and HVDC has been discussed in [49, 14]. To ensure coordination between
the DFIG-based wind farm and LCC-HVDC transmission, the dc voltage and dc current
will decrease/increase according to the wind speed change. In this chapter, a coordination
control for DFIG-based wind farm with LCC-HVDC transmission is presented. At the
same time, the control part of DFIG is also modiﬁed.
6.1 Modified Control of DFIG
The basic control of DFIG is based on stator ﬂux linkage orientated control. The stator
ﬂux linkage is oriented in d-axis, which means λs = λds, and λqs = 0. The modiﬁed RSC
control is based on stator ﬂux linkage control rather than reactive power control, see Fig.
6.1.
From the equation of the stator voltage expression
⎧⎪⎪⎨
⎪⎪⎩
vqs = rsiqs + ωsλds +
dλqs
dt
vds = rsids − ωsλqs + dλdsdt
(6.1)
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the angle of stator voltage is related to the ratio of vds and vqs. During steady-state
condition, vds/vqs = −λqs/λds. If the stator resistor is neglected, then the angle of vs could
be tracked if λs is well controlled. As the wind speed changes, the reference value of Te will
cause the change of iqr. As a result, λqs will change. So, if λs is controlled, λds will change
in opposite compared with λqs. Hence, with λs control, the angle of the stator voltage
could track the wind speed change.
The electromagnetic torque of DFIG in terms of stator ﬂux linkage and current is shown
as follows:
Te =
3
2
P
2
(λdsiqs − λqsids). (6.2)
Considering λqs = 0, the expression of electromagnetic torque becomes
Te =
3
2
P
2
λds(−M
Ls
iqr). (6.3)
So the rotor current in q-axis is approximately proportional to the electromagnetic torque.
Hence, controlling iqr can help track Te.
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Figure 6.1. Modiﬁed control scheme for RSC.
The control scheme of GSC is shown in Fig. 6.2. It is obvious that through GSC
current control, the voltage of dc-link Vdc could be kept constant. As shown in (3.18), the
stator terminal voltage could be controlled through iqg. The inner current control loop is
derived from (3.19) and (3.20). The whole control loop of GSC is shown in Fig. 6.2.
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Figure 6.2. Control scheme for GSC: vqg1 = vqs − ωsLtgidg, vdg1 = vds + ωsLtgiqg.
6.2 Coordinated Control of LCC-HVDC
The coordination control philosophy of HVDC-link is to ensure cooperation of the DFIG
and the HVDC-link, that is, to keep the power balance of ac/dc side as the wind speed
changes. In other words, the dc voltage and dc current through the dc transmission line
should increase or decrease according to the wind speed, since Vdr is related to the ac
voltage and ﬁring angle. On the other hand, it is desired to keep the ac voltage constant.
So, a coordinated control loop is designed to adjust the ﬁring angle of the rectiﬁer through
the bus voltage Vac. The control diagram is shown in Fig. 6.3.
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acP dcI
drV diV
PI
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α Firing( )angle
dcP
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Figure 6.3. Coordinated control diagram of the HVDC-link.
As the wind speed decreases, the mechanic torque Tm will decrease. The diﬀerence
between Tm and Te becomes negative. According to the swing equation, 2H
dωm
dt = Tm−Te,
ωm will decrease, the operating point transfers from A to B as shown in Fig. 6.4. T
∗
e is
computed from MPPT (Maximum Power Point Tracking) loop and it will decline when the
wind speed decreases. So, iqr decreases due to the torque control loop. Since iqr decreases,
λqs decreases as well. Since vds = −ωsλqs, hence vds increases as shown in Fig. 6.5. Due to
the control loop of GSC, the DFIG terminal voltage is kept constant, so vqs will decrease.
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As shown in Fig. 6.5, the original terminal voltage phasor is vs; with wind speed decreases,
the amplitude of the d-axis component increases, the new one is V
′
s . It is obvious that
the angle δ between the stator voltage Vs and bus voltage Vac will be reduced. Without
changing the ﬁring angle α, Pe (Pe =
VsVac
X sinδ) will be kept constant, hence Vac will
increase if δ decreases. Based on this fact, we can design a feedback control loop shown
in Fig. 6.3. When Vac increases, the ﬁring angle α increases, too; that is when the wind
speed decreases, the ﬁring angle α increases, Pdc decreases to achieve power balance.
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Figure 6.4. Torque-rotor speed characteristic.
6.3 Simulation Studies
6.3.1 Matlab/Simulink Test Case
Simulation studies with the proposed control design are carried out in Matlab/Simulink
for an integrated 200MW wind farm with HVDC-link integration. The parameters of the
DFIG and HVDC-link are given in Table 6.1 and Table 6.2.
As the wind speed decrease from 9m/s to 8m/s at 10s, Fig. 6.6 gives the plots of me-
chanical torque, electromagnetic torque, and rotor speed. Since the wind speed decreases,
less mechanical power is generated, Tm will decrease correspondingly and ωm will be re-
duced. It is obvious that the value of Te decreases. According to the RSC control loop, iqr
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Figure 6.5. Stator voltage phasor.
Table 6.1. Parameters of the simulated DFIG
rs (pu) 0.00488
rr (pu) 0.00549
Xls (pu) 0.09231
Xlr (pu) 0.09955
XM (pu) 3.95279
H (kg.m2) 3.5
Table 6.2. Parameters of the simulated HVDC-link
R (dc transmission line resistance) 0.3595(pu)
Vdi (simpliﬁed receiving end of HVDC-link) 0.5(pu)
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will decrease correspondingly. So, λqs causes the change of vds. The dynamic responses of
the stator ﬂux linkage are also shown in Fig. 6.7.
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Figure 6.6. Mechanical torque (Tm), electromagnetic torque (Te) and rotor speed (ωm).
For comparison, simulation results of HVDC-link variables are given in two scenarios:
with constant power control and coordinate control. Under constant power control, the dc
current through dc transmission line will keep constant; so will dc voltage, thus constant
power is kept. In this condition, the ﬁring angle of the rectiﬁer will increase, thus the bus
voltage Vac rises, so the current through ac line will decrease. The power loss Ploss through
ac line impedance Z decreases. On the other hand, Pm declines because of the decrease
of the wind speed. So Pdc is kept constant, the dc power of HVDC-link cannot track the
variation of generated mechanical power.
With coordinated control, as the wind speed decreases, the ﬁring angle of the rectiﬁer
increases. Since the bus voltage Vac is kept constant. So the dc voltage Vdr and dc current
Idc at the sending end decrease to ensure power balance. The HVDC variables under above
two scenarios are shown in Fig. 6.8 and the power relationship could also be seen in Fig.
6.9. As can be seen, under constant power control, the dc power through dc transmission
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Figure 6.7. Stator voltage and ﬂux linkage.
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line cannot track the mechanical power variation. While with the coordinated control, the
dc power can keep power balance. Because of some losses on the ac line resistance, dc
power is less than mechanical power.
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Figure 6.8. HVDC-link variables without and with coordinate control: dc voltage of HVDC
rectiﬁer (Vdr), dc current of HVDC (Idc), ﬁring angle of rectiﬁer (α).
6.3.2 Matlab/SimPowerSystems Test Case
To verify the eﬀectiveness of the proposed coordinate control strategy, a 1000MW wind
farm with LCC-HVDC connection is built in Matlab/SimPowerSystems. The wind farm
is an aggregate model of 666 averaged 1.5MW DFIG from the demo library with some
modiﬁcation. The parameters of the DFIG-based wind farm are shown in Table 6.3. The
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Figure 6.9. Mechanical power from wind turbine, dc power of HVDC-link and the bus
voltage.
schematic diagram of the studied system can be seen as Fig. 6.10. The system frequency
is 60Hz. The nominal voltage at the bus B575 is 575V. The nominal power of the wind
farm step-up transformer is 1200MVA with voltage ratio 575V/500KV and the winding
impedance is 0.12pu. The bus ac ﬁlters contain a capacitor bank with 150Mvar, 150Mvar
double tuned low ﬁlter at the 11th/13th harmonic, 150Mvar high-pass ﬁlter at the 24th
harmonic and 150Mvar C-type ﬁlter at the 3rd harmonic. The sending end of the HVDC is
modeled as a 12-pulse rectiﬁer, while the receiving end is a dc voltage source E0 = 500kV .
The HVDC rectiﬁer side transformer is a three-phase transformer. Winding 1 and winding
2 connection is Yg/Y , 500kV/200kV, the impedance is 0.0025pu. Winding 1 and winding
3 connection is Yg/Δ, 500kV/200kV, 0.0025pu. Two vectors of 6 pulses are sent to the
rectiﬁer bridges. The pulse width of the 12-pulse generator is 400.
The power coeﬃcient Cp characteristic of the studied wind turbine is shown in Fig.
6.11. With the pitch angle increasing by step of 2 degrees, the maximum Cp will decrease.
When the wind speed is low, the pitch angle is set as 0, at this point, the maximum Cp is
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Figure 6.10. Schematic diagram of a wind farm with LCC-HVDC connection in Mat-
lab/SimPowerSystems.
Table 6.3. Parameters of the DFIG wind farm
Total capacity 666*1.5MW
Nominal voltage 575V
Frequency 60Hz
rs (pu) 0.023
rr (pu) 0.18
Xls (pu) 0.016
Xlr (pu) 0.16
XM (pu) 2.9
H (kg.m2) 0.685
F (pu) 0.01
p (poles) 3
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about 0.5. When the wind speed is very high, the output power can be limited through
the increased pitch angle.
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Figure 6.11. Power coeﬃcient Cp characteristic of the wind turbine.
Detailed wind turbine characteristics are shown in Fig. 6.12. Under nominal rotor
speed (1.2pu), the dynamics of the output power P, tip speed ratio Lambda and power
coeﬃcient Cp are presented. As can be seen, as the wind speed increases, the P increases,
and Lambda decreases.
The dynamic response of the DFIG variables and HVDC link variables are monitored
when the wind speed decreases from 15m/s to 10m/s at 15s. Dynamic responses of the
mechanical torque, electromagnetic torque and rotating speed are shown in Fig. 6.13. As
the wind speed decreases, the mechanical torque Tm decreases as well. According to the
swing equation, the rotor speed ωm will be reduced. Finally, the electromagnetic torque
Te decreases to achieve a new operating point.
The modiﬁed RSC control keeps the ﬂux linkage constant as shown in Fig. 6.14. On
the other hand, the rectiﬁer of HVDC controls the ac side voltage Vac. During steady-state,
Vac = λsωs, hence, the grid frequency ωs is well controlled at 60 Hz. The dynamic response
of HVDC variables are also given in Fig. 6.15. The dc current Idc decrease from 1pu to
about 0.5pu as the wind speed decreases from 15m/s to 10m/s. Due to the voltage control
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Figure 6.12. Wind turbine characteristics.
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Figure 6.13. Dynamic responses of the mechanical torque (Tm), electromagnetic torque
(Te) and rotating speed (ωm)(the wind speed decreases from 15m/s to 10m/s at 15s).
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Figure 6.14. Dynamic responses of the stator ﬂux, grid voltage and grid frequency (the
wind speed decreases from 15m/s to 10m/s at 15s).
of the rectiﬁer, the ﬁring angle is adjusted under diﬀerent wind speeds. Here, the ﬁring
angle increases from 20 degrees to about 24 degrees.
To verify the power balance capability of the proposed coordination method, power
from the wind farm and dc power through dc transmission line are compared in Fig. 6.16.
Previously, the output power from wind farm was about 1000MW when the wind speed
is 15m/s. When the wind speed decreases to 10m/s, the dc power tracks the power well.
Due to the switching operation of the rectiﬁer, the dc power has characteristic harmonics.
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Figure 6.16. Dynamic responses of the generated ac power from the wind farm and the dc
power transmitted by HVDC-link (the wind speed decreases from 15m/s to 10m/s at 15s).
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CHAPTER 7
FAST POWER ROUTING THROUGH HVDC
7.1 Introduction
Fast power routing capability is the most desirable for future grids with a high pen-
etration of renewable energy resources such as wind and solar. Due to their intermittent
nature, power ﬂow patterns in future grids will experience ﬂuctuations more often. This
poses challenges in system operation to manage congestion in a high speed manner. Flex-
ible AC Transmission Systems (FACTS) and HVDC are two enabling technologies with
fast power routing capabilities. HVDC has been an option to interconnect wind farms
to ac grids [40, 13, 17]. There are currently voltage source converter (VSC)-HVDC for
mid-voltage level transmissions [42] and LCC-HVDC for high-voltage level transmissions
[15].
The objective of this chapter is to investigate the fast power routing capability of LCC-
HVDC since LCC-HVDC is a mature technology in high power, high voltage transmission
and has been used world-wide. Traditionally, LCC-HVDC is equipped with power order
control at its rectiﬁer side. Power delivered through HVDC can be scheduled. This research
aims to examine a new way to enable fast power routing by HVDC. Power order control does
not suit this aim since the power ﬂow patterns keep changing and the power order should
keep changing with them. Communication links are required to send the varying power
order from wind farms to HVDC links. Additional computing time and communication
time are needed. An HVDC is expected to respond quickly. Therefore, an automatic
control using local measurements is expected.
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The concept of inﬁnite bus is implemented in designing this kind of automatic control.
An inﬁnite bus can absorb or generate whatever power the rest of the system needs. To
emulate an inﬁnite bus, the ac bus at the rectiﬁer side of an HVDC should be controlled to
have a constant voltage. Therefore, a voltage order control should replace the traditional
power order control to realize fast power routing capability.
Compared with the existing literature on HVDC and wind farm power coordination,
the aforementioned approach has the following advantages:
1. The control does not rely on additional devices such as STATCOM. STATCOM
converters are used for wind farms with HVDC delivery to provide reactive power
[14, 50, 80, 51]. The dc-link voltage of a STATCOM reﬂects the power unbalance
between wind farms and an HVDC link. Hence the dc-link voltage is used as a
feedback signal to adjust the HVDC rectiﬁer current order. Here, since a hybrid
ac/dc system is the study objective, a synchronous source is presented at the wind
farm side. Therefore, STATCOM is not needed and none of its measurements is
available for controls.
2. No change is required at the DFIG control side. In [49, 16], power balance between
a DFIG wind farm and an HVDC is realized through frequency control. A frequency
control is applied to give a current order in the rectiﬁer control. Changes have to be
made at DFIG controls. Instead of real/reactive power control, stator ﬂux control is
adopted.
7.2 Study System
The studied system is shown in Fig. 7.1. It consists of a 1000 MW synchronous
generator, a 510 MW wind farm and an LCC-HVDC with a rated power at 1000 MW. The
system is built in Matlab/SimPowerSystems [81]. The HVDC link and the synchronous
generator are built based on the models from SimPowerSystems examples. A 1.5 MW
DFIG is scaled up to represent a 510 MW DFIG wind farm. Power from the synchronous
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generator and the wind farm is transmitted to a 50 HZ grid through an LCC-HVDC
connection. AC ﬁlters on the two terminals of the HVDC are applied to eliminate the
harmonics in the ac currents. They can also provide reactive power for HVDC converters.
The size of the ac ﬁlter at both converter sides is 600 MVar including 150 MVar from a
shunt capacitor, 150 MVar from an 11th harmonic ﬁlter, 150 MVar from a 13th harmonic
ﬁlter and 150 MVar from a 24th harmonic ﬁlter. The HVDC is a 1000 MW (500 kV, 2
kA) dc link. The converters of HVDC are connected through a 300 km transmission line.
Detailed parameters of the DFIG, synchronous generator, HVDC and transformers can be
referred to in SimPowerSystems user’s guide [81].
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Figure 7.1. Study system.
7.2.1 Turbine-Governor Model of the Synchronous Generator
The schematic diagram of the turbine-governor model of the synchronous generator is
shown in Fig. 7.2 [82]. It consists of a hydraulic turbine, a second-order servomotor system
and power/frequency controls. Δω is the speed deviation of the speed measurement with
respect to the nominal value. The input of the PID controller is the sum of the speed error
signal and the power error multiplied by a droop (5%). The output of the PID controller
drives the servo motor to change the valve position of the hydraulic turbine. As the result
of the power/frequency control, the synchronous generator can adjust its exporting power
based on the frequency deviation and the power order.
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Figure 7.2. Turbine-governor.
7.2.2 Wind Turbine
A 9 MW wind farm model is included in an example of SimPowerSystems. For this
project, the 9 MW wind farm model is scaled up to represent 340 DFIG wind turbines each
at 1.5 MW. The wind farm is operated at maximum power point tracking mode when the
wind speed is less than nominal. When the wind speed is above rated speed, pitch angle
control will regulate the aerodynamic torque. In such conditions, the mechanical power
is reduced to the rating (1 pu) through adjusting the pitch angle. A typical structure of
pitch angle controller is shown in Fig. 7.3 [38]. The pitch angle is determined by the input
variables: the rotor speed and the electric power.
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Figure 7.3. Wind turbine pitch angle controller.
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7.2.3 Control of RSC and GSC
The control objectives of the RSC are to regulate the electromagnetic torque and the
stator reactive power. The torque order is obtained from maximum power point tracking.
There are two cascaded control loops: the inner loop is current control and the outer
loop is power control. The rotor current component idr can be regulated through the
electromagnetic torque Te (Ps/ω) divided by λs. On the other hand, the d-axis component
iqr can be regulated through the stator reactive power Qs. Hence, the outer power control
loop can be designed to get the reference value of the rotor current. Through the GSC
control, the dc voltage of the dc-link between the RSC and the GSC can be kept constant.
The reactive power generated by the GSC could also be regulated. The RSC and GSC
control loops are shown in Fig. 7.4, and vqr1 = −ωslipσLridr, vdr1 = −ωslip(σLriqr +
M/Lsλs), vqg1 = vqs − ωsLtgidg, vdg1 = vds + ωsLtgiqg.
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Figure 7.5. Control scheme for HVDC.
7.3 HVDC Control
The control diagram of the HVDC is shown in Fig. 7.5. Controls are implemented for
both the rectiﬁer and the inverter. For inverter control, there are three types of modes:
constant dc voltage, constant extinction angle and constant dc current. PI controllers are
implemented to regulate dc voltage, extinction angle or dc current. A voltage dependent
current limiter (VDCL) will be enforced when the dc voltage drops due to disturbances
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[2, 15]. For this study system, the HVDC inverter is operated at the constant voltage
control mode at normal operating conditions.
The rectiﬁer is normally operated at the constant current control mode where the dc
current measurement is compared with a dc current order to generate the desired ﬁring
angle. In traditional HVDC rectiﬁer control, this current order is generated by the dc
power order divided by the dc voltage.
Here, a new rectiﬁer control is proposed to realize fast power routing.
7.3.1 Proposed HVDC Rectifier Voltage Control
Compared with the conventional power control at the rectiﬁer, the proposed control
uses voltage control to generate dc current reference. The rms value of the ac voltage
at the rectiﬁer is measured and compared with a reference ac voltage V ∗ac. The error is
sent to a PI controller to generate a dc current order I∗dR. A positive feedback control
is implemented for the voltage control in Fig. 7.5. Justiﬁcation of the positive feedback
control is presented as follows.
For the study system, a simpliﬁed circuit model is presented in Fig. 7.6. The syn-
chronous generator is simpliﬁed as a voltage source VG behind an impedance ZG, while the
aggregated wind farm is considered as a current source IWF behind an impedance ZWF .
The HVDC could be simpliﬁed as a current source IHVDC . The voltage at Vac could be
expressed as:
Vac
ZG
=
VG
ZG
+ IWF − IHVDC . (7.1)
GV
GZ acV
WFZ
WFI
+
-
IHVDC
Figure 7.6. Circuit representation of the study system.
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As the wind speed increases, IWF will be raised. From the above expression, Vac will
increase correspondingly. Power and current through the HVDC are expected to increase
to absorb wind energy. Hence a positive feedback is reasonable. When Vac increases,
the current order also increases. In turn, the ﬁring angle will be reduced according to
the control diagram. The power and the dc current delivered through the HVDC will
then increase. The ac current ﬂowing into the HVDC IHVDC in turn will be increased.
Consequently Vac will reduce based on equation 7.1 and ﬁnally match its reference value.
7.4 Simulation Studies
To demonstrate the power routing capability of the HVDC, simulation studies are
carried out in Matlab/SimPowerSystems [81]. The study system is shown in Fig. 7.1. The
synchronous generator supplies power to the HVDC (at about 500 MW) and the local load
(420 MW). The DFIG-based wind farm is an aggregated system rated at 510 MW. Four
case studies are designed. Case study 1 tests the voltage control step response. Case study
2 tests HVDC’s fast power routing capability when the wind speed changes. Case study 3
tests HVDC’s fast power routing capability when there is a change in loads and when the
synchronous generator picks up the load change. Case study 4 tests ac fault recovery of
the HVDC system.
7.4.1 Case Study 1: Step Response of Vac Setting
In this case, the reference value of the ac voltage V ∗ac is assumed to decrease from 0.985
pu to 0.95 pu at t = 15s. The voltage controller parameters are as follows: Kp = 0.2
and Ki = 3.2. Due to the positive feedback control, the dc current of the HVDC will
increase and the ﬁring angle will decrease. Power through HVDC will increase too (about
50 MW). Fig. 7.7 shows power from the synchronous generator, the DFIG-based wind
farm and power through HVDC. The response time for the HVDC is only about 1 second.
Due to the power control enforced in the wind farm, power from the wind farm varies
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insigniﬁcantly. The ac grid should experience a frequency decrease and the synchronous
generator generates more power to match the HVDC power increase.
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Figure 7.7. Dynamic responses in active and reactive power due to a step response in V ∗ac.
The reactive power absorbed by the HVDC rectiﬁer reduces due to a decrease in the
ﬁring angle (Q ∝ sinα). Reactive power from the wind farm is tightly controlled and
does not vary at steady-state. The reduction of the absorbed reactive power by the HVDC
rectiﬁer is due to the reduction of reactive power generated from the synchronous generator
and the reduction of reactive power supplied from the ﬁlters.
The dynamic responses of the rectiﬁer and inverter variables are shown in Fig. 7.8.
The dc currents increase and the rectiﬁer ﬁring angle decreases due to the step response.
The relationship of the dc voltage and current is shown in Fig. 7.9. The inverter is at
constant voltage control. While the original operating condition is at point A, due to the
increase of the dc current, the operating point moves to B. Inverter dc voltage levels at A
and B are kept the same. Extinction angle γ will decrease when the operating point moves
from A to B. Hence in Fig. 7.8, we can also observe that γ decreases due to a reduction in
the ac voltage reference value.
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Figure 7.8. Dynamic responses of the HVDC system due to a step response in V ∗ac.
dcI
dcV

023
0' 14
024
022
CIA: constant ignition angle
CEA: constant extinction angle
Figure 7.9. V-I characteristics of the HVDC.
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7.4.2 Case Study 2: Wind Speed Change
A varying wind speed is the main characteristic of wind energy. In this case, the power
routing capability of HVDC is tested for a varying wind speed. The voltage controller is the
key for the HVDC to pick up power change under diﬀerent wind speeds. However, diﬀerent
PI parameter settings can aﬀect the power sharing of the DFIG, the synchronous generator
and the HVDC. When the time constant of the voltage controller is small, the HVDC will
pick up all the power change when the wind speed changes. When the time constant of the
PI controller is large, the synchronous generator and HVDC will share the power change.
Fig. 7.10 shows the comparison of two cases with diﬀerent time constants. In (a), the
parameters are Kp = 0.5, Ki = 0.9, and the time constant τ = 0.56. The synchronous
generator and the HVDC will pick up the power change from the DFIG together. The
share of the synchronous generator is about 15 MW. In (b), Kp = 0.2, Ki = 3.2, and the
time constant τ = 0.0625. The HVDC acts fast enough to pick up all the power change
from the wind farm.
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Figure 7.10. Dynamic responses of active power from synchronous generator, DFIG and
through HVDC due to a change in wind speed under diﬀerent PI controller settings.
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A more complicated case is presented as follows. The chosen controller parameters are
Kp = 0.2, Ki = 3.2. The wind speed drops from 15 m/s to 12 m/s at 10 seconds. It then
increases from 12 m/s to 17 m/s at 20 seconds. Dynamic responses of the power from the
generator, the wind farm and through the HVDC are given in Fig. 7.11. The generator
speed and the mechanical power are shown in Fig 7.12. The input variable Vac and output
variable Idref of the controller are shown in Fig. 7.12. The HVDC variables are shown in
Fig. 7.13 and the DFIG system variables are shown in Fig. 7.14.
It is found that the HVDC can pick up the wind power change while the synchronous
generator will experience transients. This is due to transients in frequency and the cor-
responding turbine-governor responses. The rectiﬁer ﬁring angle will increase due to a
reduction in wind speed and decrease due to an increase in wind speed. The DFIG pitch
angle will become zero when the wind speed reduces below the synchronous speed.
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Figure 7.11. Dynamic responses of the real power from the synchronous generator (exclud-
ing the load), the wind farm and through the HVDC due to wind speed changes.
7.4.3 Case Study 3: Load Change
In case study 3, the load increases from 420 MW to 520 MW at 10s. The HVDC
picks up the load change immediately since the response of the HVDC is faster than the
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Figure 7.12. Dynamic responses of the voltage controller and the turbine governor due to
wind speed changes.
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Figure 7.13. Dynamic responses of the HVDC due to wind speed changes.
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Figure 7.14. Dynamic responses of the DFIG wind farm due to wind speed changes.
synchronous generator. Due to the slow turbine governor response, a change in the reference
power Pref will be reﬂected in the generator power after about 30 seconds. In order to
show the HVDC response in this simulation case, the mechanical power of the synchronous
generator is assumed to have an increase of 100 MW at 15 seconds. The synchronous
generator will increase its power output to pick up the load change. Consequently, the dc
power will be reduced to its original level. Dynamic responses of the system are shown in
Figs. 7.15 and 7.16.
The synchronous generator speed will decrease when the load increases and will increase
when the synchronous generator increases its output power. Increased load however aﬀects
the system voltage level. Vac will decrease. This in turn will trigger the voltage controller
to decrease the dc current order and increase the ﬁring angle. When the synchronous
generator starts to pick up the load increase, the voltage level increases. The HVDC
system will then ramp up its transporting power through decreasing the rectiﬁer ﬁring
angle α.
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Figure 7.15. Dynamic responses of the active power from synchronous generator, load,
DFIG and through HVDC due to load change.
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7.4.4 Case Study 4: AC Fault Recovery
The operation of an HVDC is often aﬀected by disturbances such as faults in the ac
system. In case study 4, a single-line-to-ground (S-L-G) fault on the inverter ac system is
studied. A S-L-G fault is applied on phase A at 10 s, and is cleared at 10.1 s. The fault will
cause the reduction of the ac voltage and rise of the dc current as shown in Fig. 7.17. Due
to the failure of the commutation from one valve to another before the commutating voltage
reverses, commutation failure occurs at the very beginning of the fault. The commutation
failure will lead to a short circuit across the valve group. The dc power is almost zero as
shown in Fig. 7.18. After the fault is cleared, the system returns to normal operation after
about 0.2 s.
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Figure 7.17. Dynamics of the inverter variables during A-L-G fault at the inverter side.
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Figure 7.18. Dynamics of the rectiﬁer variables during A-L-G fault at the inverter side.
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As shown in case study 2, the parameters of the voltage control aﬀect system dynamics.
The impact of the PI parameters on ac fault recovery performance is also studied. If
the integration constant Ki increases, the settling time of the system will increase [83].
Therefore, the dynamics of the dc current and ﬁring angle of the rectiﬁer will be aﬀected
under diﬀerent integration constants. Figs. 7.17 and 7.18 show that when Ki = 3, the
system cannot recover after the fault clearance. Therefore, the two other two sets of
parameters Kp = 0.2/Ki = 1.5 and Kp = 0.2/Ki = 2 are better in terms of ac fault
recovery.
In case study 2, a smaller time constant is demonstrated to be good for HVDC to do the
fast power routing task. However, Case Study 4 shows that a smaller time constant for the
PI controller may cause ac fault recovery problems. Therefore, the controller parameters
have to be chosen and veriﬁed through various studies.
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CHAPTER 8
REACTIVE POWER COORDINATION
This chapter has been published in Energytech 2011 and appears in this dissertation
with IEEE’s permission.
In Chapter 6, coordination between HVDC and DFIG-based wind farm considers active
power coordination only [49]. The assumption here is that there is enough reactive power
from the DFIG and the ﬁlter. DFIG wind farms however have limited capability in sup-
plying reactive power. The capability is discussed in [53, 52, 54]. The goal of this chapter
is to coordinate active power from a wind farm and the active power transported by the
HVDC while considering the limiting factors of reactive power. A preliminary work [84] by
the authors on active power coordination without considering any limiting factor has been
published. In [84], the rectiﬁer side ac voltage is controlled to be constant. The HVDC
rectiﬁer converter can be viewed as a voltage source in such control mode. Consequently,
it can absorb whatever wind power is harvested.
Here, limiting factors such as reactive power will be taken into consideration. Since
reactive power and voltage level are closely related, the limits of the reference voltage
at HVDC rectiﬁer converters will be investigated. As the ﬁrst step of this research, an
assumption is made that only DFIG’s reactive power capability is considered while the
ac ﬁlter’s capability is not considered. The evaluation made in this chapter is thus more
conservative than the practical case.
For reactive power coordination between DFIG and LCC-HVDC, the reactive power
capability of DFIG should be given ﬁrst. To make sure DFIG can always supply reactive
power for LCC-HVDC as wind speed increases, the speciﬁc range of the rectiﬁer ac bus
voltage will be investigated. To make sure DFIG will work within its active/reactive power
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operation region, a lower limit of the rectiﬁer ac bus voltage is found. Furthermore, as the
wind speed increases, the reactive power may not satisfy the reactive power requirements
of LCC-HVDC, an upper limit of the ac bus voltage is also found.
8.1 Active and Reactive Power Characteristics of DFIG
The total active power of DFIG should be the sum of stator active power Ps and rotor
active power Pr. The rotor active power Pr depends on the slip s of the induction machine.
Usually the GSC works at unit power factor, therefore the total apparent power is the sum
of stator apparent power and the active power from RSC or GSC. The total active power
Pt and reactive power Qt from DFIG can be obtained as follows [53]:
Pt = (1− s)XM
Xs
Vscos(θ) (8.1)
Qt =
XM
Xs
Vssin(θ)− V
2
s
Xs
(8.2)
where V¯s = Vs∠0, and I¯r = Ir∠− θ.
Then
(
Pt
1− s)
2 + (Qt +
V 2s
Xs
)2 = (
XM
Xs
VsIr)
2 (8.3)
From (8.3), the P/Q operation region of DFIG under diﬀerent wind speeds is plotted
as shown in Fig. 8.1. The main factors for the P/Q region of DFIG are slip, rotor current
and stator voltage. As the rotor speed increases, the region becomes larger. According to
the lower control loop of RSC, as wind speed increases, iqr increases due to the increased
electromagnetic power. However, idr keeps constant because of the ﬂux control as shown
in Fig. 6.1. Hence, the rotor current angle θ will increase. In addition, Qt will decrease
according to the above expression of Qt. The values of Pt and Qt are marked in points A,
B and C under diﬀerent wind speeds as shown in Fig. 8.1
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Figure 8.1. P Q limit and operating points of the DFIG under diﬀerent wind speeds.
8.2 Limits of the Rectifier AC Voltage
8.2.1 Lower Limit of the Rectifier AC Voltage
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Figure 8.2. Reactive power ﬂow.
If we simplify the red circled part of Fig. 8.2 as a radial system as shown in Fig. 8.3,
where V¯s = Vs∠δ, V¯ac = Vac∠0, then for the simpliﬁed radial system, the total active and
reactive power from DFIG at the receiving end are expressed as follows:
Pt =
VsVac
XL
sin(δ) (8.4)
Qt =
V 2s − VSVaccos(δ)
XL
(8.5)
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Here, if we keep the stator voltage Vs = 1, then the relation of the total active and reactive
power is obtained as:
P 2t + (Qt −
1
XL
)2 = (
Vac
XL
)2 (8.6)
This above relation is expressed as a circle, which is the total operation curve of DFIG. The
location of the operation curve depends on the ac bus voltage Vac. Increased Vac means
larger radius.
sV acV
tt jQP + acac jQP +LjX
Figure 8.3. Simpliﬁed radial system.
Moreover, the MVA limit of the induction generator is ﬁxed. Here, we consider it as
1pu. The feasible region of DFIG is deﬁned as 125% of the induction generator rating,
which means that P 2t + Q
2
t ≤ 1.252. Considering this limit, the actual operation curve
of DFIG is only the part within the limit circle. Since the ac bus voltage is the only
factor that aﬀects the radius, if Vac decreases, the radius decreases, too. Operation curves
of DFIG under two diﬀerent values of ac bus voltage Vac are shown in Fig. 8.4. When
Vac = 0.85, there is no overlapping between the operation curve and the limit curve. DFIG
is already out of its MVA limit. When Vac = 0.95, only the overlapped thick part is the
actual operating curve. Therefore, to ensure normal operation, Vac has a lower limit 0.875.
8.2.2 Upper Limit of the Rectifier AC Voltage
For LCC-HVDC, the thyristor-based converter needs to consume reactive power to
ensure its normal operation. First, because of the ﬁring angle, the current delays the
voltage, which means that reactive power will be absorbed by the converter. Furthermore,
the commutation resistance also needs reactive power. For our studied system as shown in
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Figure 8.4. Operation region of DFIG.
Fig. 8.2, in order to provide reactive power for LCC-HVDC, Qs −Qg −Qloss should be at
least larger than 0.
For the simpliﬁed radial system, the active and reactive powers at the receiving end
are expressed as follows:
Pac =
VsVac
XL
sin(δ) (8.7)
Qac =
VsVaccos(δ)
XL
− V
2
ac
XL
=
Vac(Vscos(δ) − Vac)
XL
(8.8)
To make sure Qac > 0, Vac should be in the range: 0 < Vac < Vscos(δ). Here, we keep
the stator voltage to 1pu, then the terminal voltage Vac should satisfy:
Vac < cos(δ) (8.9)
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Combined with (8.7), which is the same as (8.4), then (8.9) can be expressed as follows:
Vac <
√
1− (PtXL
Vac
)2 (8.10)
The speciﬁc region of Vac related with the active power Pt is shown in Fig. 8.5. As
mentioned before, there is an operation limit of DFIG,
√
P 2t +Q
2
t < 1.25, where Pt is the
total active power and Qt is the total reactive power. Hence, the active power Pt should
be less than 1.25, which is shown as the red curve in Fig. 8.5. Therefore, the exact region
of terminal voltage is found as Vac < 0.992.
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Figure 8.5. Operation region of the ac bus voltage.
As analyzed in above section, there is a lower limit of Vac, therefore the ﬁnal range
of Vac is 0.875 < Vac < 0.992 to ensure normal operation of the system. Case studies in
following section will verify the exact region of the ac bus voltage Vac.
8.3 Case Studies
Simulation studies with the proposed control design are carried out by Matlab/Simulink
for an integrated 200 MW wind farm based on DFIG with an HVDC-link. The parameters
of the DFIG and HVDC-link are given in Table 8.1 and Table 8.2.
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Table 8.1. Parameters of the DFIG
rs (pu) 0.00488
rr (pu) 0.00549
Xls (pu) 0.09231
Xlr (pu) 0.09955
XM (pu) 3.95279
H (kg.m2) 3.5
Table 8.2. Parameters of the network and simulated HVDC-link
XL (inductance of the transformer) j0.1(pu)
R (dc transmission line resistance) 0.3595(pu)
Vdi (simpliﬁed receiving end of HVDC-link) -1.64(pu)
8.3.1 Case 1: System Dynamics if Vac is Out of the Range
As analyzed, in order to ensure the reactive power coordination between DFIG and
LCC-HVDC, which means that the DFIG can always provide reactive power for the LCC-
HVDC while the DFIG works in its operation limit, there is an operating region of the
ac bus voltage. First, if Vac is set as 0.87, a value lower than its lower limit, the active
power, reactive power, and the apparent power at the ac bus are monitored under diﬀerent
wind speeds as shown in Fig. 8.6. The wind speed increases from 9m/s to 10m/s at 10s,
and increases from 10m/s to 11m/s at 25s. As the wind speed increases, the active power
delivery to the HVDC increases, too. In addition, the reactive power supplied to HVDC
decreases. However, the total apparent power is already out of the limit of DFIG.
If the ac bus voltage Vac is set out of its upper limit, as the wind speed increases, the
reactive power supply to HVDC may be less than 0 as discussed in the previous section.
When the ac bus voltage Vac is set as 0.993, the dynamic responses of the active power,
reactive power, and the apparent power at the ac bus are plotted in Fig. 8.7 under diﬀerent
wind speeds. As the wind speed increases to 11m/s at 25s, the reactive power supply to
HVDC is already less than zero, so then the whole system will not work.
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Figure 8.6. Dynamic responses of active power, reactive power, and apparent power at the
ac bus under wind speed changes when Vac = 0.87.
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Figure 8.7. Dynamic responses of active power, reactive power, and apparent power at the
ac bus under wind speed changes when Vac = 0.993.
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Figure 8.8. Dynamic responses of DFIG and HVDC variables, wind speed increases from
9m/s to 10m/s at 10s, and increases from 10m/s to 11m/s at 25s, when Vac = 0.993.
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8.3.2 Case 2: System Dynamics if Vac is In the Range
To obtain normal operation of the studied system, the ac bus voltage should be higher
than 0.875 to ensure the DFIG will not be out of its operating limit. In addition, the ac
bus voltage should also have an upper limit of 0.992 to make sure that the reactive power
supply to HVDC is larger than 0. In this case, the ac bus voltage Vac is set within the
range of 0.875-0.992. When Vac = 0.98, Fig. 8.9 shows the dynamic responses of the active
power, reactive power and total apparent power. The wind speed increases from 9m/s to
10m/s at 10s, and increases from 10m/s to 11m/s at 25s. The reactive power provided for
HVDC is larger than 0 as wind speed increases.
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Figure 8.9. Dynamic responses of active power, reactive power, and apparent power at the
ac bus under wind speed changes when Vac = 0.98.
Dynamic responses of DFIG and HVDC variables are also plotted in Fig. 8.10. The
rotor speed and electromagnetic torque increase due to increased wind speed. The dc
voltage of dc-link between RSC and GSC keeps constant due to GSC control loop. The
ﬁring angle α of rectiﬁer decreases, while the ac bus voltage keeps constant, consequently,
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Figure 8.10. Dynamic responses of DFIG and HVDC variables, wind speed increases from
9m/s to 10m/s at 10s, and increases from 10m/s to 11m/s at 25s, when Vac = 0.98.
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the dc voltage Vdr of rectiﬁer increases. Also, the dc power Pdc increases to keep the power
balance.
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CHAPTER 9
CONCLUSIONS AND FUTURE WORK
9.1 Conclusions
This dissertation contains ﬁve main parts.
First, modeling and control of DFIG-based wind energy with its HVDC delivery system
are presented in Chapters 3 and 4. Modeling of the DFIG-based wind farm and LCC-
HVDC are described in Chapter 3, including an average model and a detailed model built
in Matlab/Simulink and Matlab/SimPowerSystems. Moreover, control strategies for both
RSC and GSC are considered in Chapter 4. The design procedures of the PI controllers
are also given. Basic control principles of HVDC are discussed.
The second part talks about FRT of an ac connected DFIG-based wind farm. Unbal-
anced grid conditions will cause current harmonics, torque pulsation, power oscillation, etc.
A coordinated control technique with a simpliﬁed structure is proposed in Chapter 5. The
RSC is controlled to suppress the torque ripple while a simple control technique considering
the rotor power eﬀect is proposed for GSC to suppress the dc link voltage ﬂuctuation.
Active power balance is studied as the third part in Chapter 6. Based on modiﬁed
control of DFIG, a coordinated control scheme is proposed for LCC-HVDC. The power
delivered through HVDC follows the change of the wind power under diﬀerent wind speeds.
Test cases in Matlab/Simulink and Matlab/SimPowerSystems validate the eﬀectiveness of
the proposed control method.
The fourth part investigates the fast power routing capability of LCC-HVDC. A posi-
tive feedback control loop is introduced in the rectiﬁer control to produce the dc current
order. Matlab/SimPowersystems based simulation for an ac/dc system with wind power
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penetration conﬁrms the eﬀectiveness of such a control scheme. In addition, ac fault re-
covery is investigated for an LCC-HVDC equipped with the proposed control scheme. The
proposed technology can help realize fast power routing through LCC-HVDC in future
grids with high penetrations of intermittent renewable energy resources.
The ﬁfth part considers reactive power coordination between the DFIG-based wind
farm and LCC-HVDC. When the wind farm is connected to LCC-HVDC, reactive power
compensation needs to be provided. Reactive power characteristic of DFIG is presented
in Chapter 8. Furthermore, the limiting range of the ac bus voltage is investigated since
reactive power is closely related to voltage level. Simulation studies in Matlab/Simulink
verify the analysis.
9.2 Future Work
The future work of this dissertation consists of the following parts.
First, dynamic analysis of the wind farm with HVDC delivery system will be done in
the future. As described in Chapter 2, small signal analysis of wind farms have been used
in [51, 56]. The contribution of this dissertation will be improved if eigenvalue analysis is
considered.
Second, the reactive power coordination between the wind farm and LCC-HVDC will be
veriﬁed based on the detailed system model built in Matlab/SimPowerSystems. A detailed
system model will provide quantitative information of the reactive power from DFIG and
the ﬁlters. Hence, the analysis of reactive power coordination in Chapter 8 will be validated
further.
Last, the FRT of the wind farm with HVDC delivery will be studied. Control strategies
for the HVDC under diﬀerent fault types and fault locations will be proposed. Therefore,
the dynamic responses of the whole system will be greatly improved.
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